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ABSTRACT OF DISSERTATION 
 
EFFECTS OF LANDSCAPE, INTRAGUILD INTERACTIONS, AND A 
NEONICOTINOID ON NATURAL ENEMY AND PEST INTERACTIONS IN 
SOYBEANS 
 
Demand for food, fuel, and fiber has been increasing, escalating the 
intensification of agriculture during the past fifty years. A more comprehensive 
understanding of the impact of landscapes on sustainable agriculture production 
is required to meet the continual increase in human demand. This not only 
includes how chemical inputs are used but also how cultivated and surrounding 
landscapes are managed for ecosystem services. This research explains how 
land cover on landscape and farm scales impact ant and spider-mediated pest 
suppression. I successfully developed and optimized molecular methods to test 
ant gut contents from both laboratory and field-caught specimens. A multi-year 
field study indicated that spatial scale played a significant role in both ant and 
pest abundance and diversity when land cover at the landscape scale was 
analyzed, where an increase in scale generally correlated with an increase in the 
intensity of the relationship between landscape fragmentation and community 
response. I found that ant and pest populations can potentially be managed at 
the landscape scale via specific cover types and habitat fragmentation. Farm 
scale field margin composition significantly influenced spider and pest within field 
abundances and spatial associations, particularly early in the season. In a field 
cage study, ants were found to interfere with reductions in pest-induced leaf 
damage caused by spiders within the soybean system despite the fact that the 
pest was non-honeydew producing. Finally, I found that chemical disturbance via 
imidacloprid and fungicide seed treatments did not impact pest populations or ant 
predation rates but did significantly increase ant diversity by decreasing the 
abundance of a dominant ant species. However, there were impacts found on ant 
individuals within a lab mesocosm where imidacloprid induced sub-lethal 
intoxication but fungicides were lethal to Tetramorium caespitum.  
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Chapter 1 INTRODUCTION 
This chapter provides an introduction to relevant concepts and organismal 
ecology to motivate the work found within this dissertation. In this dissertation, 
mapping techniques through the use of Geographic Information Systems (GIS) 
technology, GPS, and Spatial Analysis by Distance IndicEs (SADIE) were 
combined with modified molecular gut content analysis (identification of DNA by 
Polymerase Chain Reaction (PCR) for characterization of predation events in 
Chapter 2 and Chapter 3) to provide an spatially-referenced examination of how 
land cover alters the within field dispersal of ants and spiders and subsequent 
movement to and consumption of soybean pests (Chapter 4 and Chapter 5). 
Field cage trials were used to further examine ant interactions with a soybean 
pest in response to intraguild competition provided by a common, co-occurring 
spider species (Chapter 6). Finally, a lab and field study was conducted to 
determine if a seed treatment, used on much of the soybean acreage in the 
United States, impact ant communities so as to be detrimental to soybean yields 
and ant-mediated biological control (Chapter 7). Each component connection 
(Figure 1-1 arrows) integrates community dynamics (i.e. abundance, diversity) of 
the predators and pests, the spatial and temporal overlap of these populations, 
and the subsequent, often consumptive, interactions taking place within 
conventionally-managed Kentucky soybeans. 
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1.1 General Background 
Demand for food, fuel, and fiber has been increasing, escalating global 
agricultural intensification (Godfray et al. 2010) though arable land has been 
declining (Hobbs 2007) and pests have developed  resistance to control 
methods. A greater understanding of the impact of landscape cover on 
agricultural production is required to meet the continual increase in human 
demand as these covers determine what insects will thrive. This research will 
help explain how land cover at multiple scales impacts arthropod communities 
that, in turn, dictate ecosystem services (i.e. biological control of pest species) in 
agricultural areas. 
 
1.1.1 Soybean Production 
Soybeans are an ecologically and economically relevant crop worldwide, 
representing 58% of oilseed production, 35% from the United States (ASA 2016). 
Soybeans in the United States are second only to field corn in economic 
relevance, selling at an average of $10.70 per bushel in 2010 (ASA 2016). The 
continental United States cultivates 77.4 million acres of soybean, accounting for 
30% of planted agricultural land with 30 U.S. states growing over 3.3 billion 
bushels (1.59 billion exported). Soybean crops contribute 25% of Kentucky’s 
agricultural income (ASA 2016), approximately $1 billion US grown on 1.84 
million acres.  
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1.1.2 Insect Pests of Soybean 
A variety of insect pest species are found in soybeans with densities 
increasing throughout the season as leaf area increases (Price 1976). Invasive 
species such as the soybean aphid Aphis glycines Matsumura (Hemiptera: 
Aphididae), the brown marmorated stink bug Halyomorpha halys (Hemiptera: 
Pentatomidae), and the kudzu bug Megacopta cribraria F. (Hemiptera: 
Plataspidae) have made soybean pest control more expensive and time-
consuming in the United States (Takasu and Hirose 1986, Ragsdale et al. 2007, 
Khrimian et al. 2008, Greene et al. 2012). Not only do these pests cause feeding 
damage, but species like A. glycines and Myzus persicae Sulza (Hemiptera: 
Aphididae) are also capable vectors of devastating plant viruses (e.g. soybean 
mosaic virus) (Hill et al. 2001, Ragsdale et al. 2011). Current chemical control 
methods in Kentucky include broad-spectrum sprays and neonicotinoid seed 
treatments for preventative uptake into seedlings (Johnson et al. 2015, Johnson 
2016). 
 
1.2 Biological Control 
Agricultural monocultures are greatly impacted by arthropods because 
they contain a surprising number of both pests and predators (Welch et al. 2012). 
Pests adapt to commonly used insecticides which can prove harmful for both 
people and the environment (Brown 1978). To subvert this chemical resistance, 
biological control practices can be implemented to make agricultural systems 
more attractive to natural enemies (Barbosa and Castellanos 2005). Simple 
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systems like soybeans have low plant diversity (Frank et al., 2011) and fast prey 
turnover (Costamagna et al. 2007), allowing for the facilitation of pest 
suppression by predators (Barbosa and Castellanos 2005) and stimulation of 
plant growth (Wiedenmann and Smith 1997, Law and Rosenheim 2011). These 
predators can either be introduced into the agricultural system or encouraged to 
stay within the system (conservation biological control) via environmental 
manipulations such as hedgerows, weed strips, and mulch applications 
(Wissinger 1997, Blubaugh and Kaplan 2015).  
 
1.2.1 Importance of Generalist Predators 
As  biological control agents, natural enemies must be rapid colonizers, 
maintain a presence as pests decline, and be opportunistic feeders (Symondson 
et al. 2002). Not only do generalist predators (no specific prey requirements 
(Koss and Snyder 2005)) fulfill these requirements, they do well in complex 
landscapes and can rapidly adjust to environmental changes and prey availability 
(Welch et al. 2012, Welch and Harwood 2014). Generalist predators also exhibit 
pest control early in a growing season due to the generalist’s ability to consume 
alternative prey items such as springtails, allowing predator populations to 
increase in abundance before pest species multiply (Butler and O'Neil 2007). 
Although alternative prey items can influence the pest suppression of other 
species, the ability of general predators to feed on pests for the entirety of the 
field season is invaluable (Barbosa and Castellanos 2005, Prasad and Snyder 
2010). Arthropod generalist predators are an important component of biological 
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control, and in soybean can maintain a low, but constant, rate of predation under 
field conditions (O'Neil and Wiedenmann 1987). 
Ants (Hymenoptera: Formicidae), a plentiful and adaptable generalist 
predator group (Sudd and Franks 2013), are both primary and secondary 
consumers that provide important ecosystem services such as soil enrichment, 
pest suppression, pollination, and seed dispersal (Huxley 1991, Woodell et al. 
1991, Way and Khoo 1992, Wang et al. 1995, Perfecto and Castineiras 1998). 
Ants have been proven to be excellent biological control agents because 
colonies are not easily satiated, colonies do not relocate due to food shortages, 
individual satiation does not impact the predatory behaviors of the individual, ants 
are responsive to aggregations of prey items, and ants forage for long periods 
seasonally and diurnally (Paulson and Akre 1992). Ant predation is also not 
restricted to prey life stage or colony lifespan (Perfecto 1991, Fleet and Young 
2000).  Biological control using methods to enhance ant presence have been 
successful in controlling fly populations and enhancing fruit quality and 
production in several crops including maize, African mahogany and a variety of 
fruit trees (Lagnaoui et al. 2000, Mele and Vo The 2002, Peng and Christian 
2005a, b, Peng et al. 2011). However, there are large gaps in knowledge of ant 
biological control within the continental United States including aspects of 
landscape variability and how it relates to ant predation rates (Crowder and 
Snyder 2010).  
The propensity of ants to protect plants from herbivore damage can be 
mitigated by the tendency of some ant species to farm honeydew-producing 
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hemipterans (Cushman et al. 1991, Wyckhuys et al. 2007) and be pests 
themselves (Banks et al. 1991). Although this activity can increase herbivore 
numbers on plants (Herbert and Horn 2008), it protects plants by increasing ant 
presence which reduces mold infestations caused by excess honeydew (Buckley 
1990). Alternatively, such an ant presence has been known to interfere with other 
predators (intraguild competition), both specialist and generalist in hemipteran-
infested agricultural systems such as citrus (Buckley 1990, Bownes et al. 2014, 
Calabuig et al. 2015). Ant aggression towards other predators in agricultural 
systems can be especially pronounced when those ant species are invasive such 
as the Argentine (Linepithema humile Mayr (Hymenoptera: Formicidae)) and red 
imported fire ants (Solenopsis invicta Buren (Hymenoptera: Formicidae)) (Human 
and Gordon 1996, Heterick et al. 2002, Epperson and Allen 2010). 
Another such generalist predator, spiders, have received some attention in 
recent years for their role as biological control agents in agricultural systems. The 
ability of spiders to disperse great distances makes them excellent biological 
control in areas of high disturbance such as crop fields (Clark et al. 2004). Young 
(1990) studied spiders in agroecosystems and found 614 species and 192 
genera in 26 families with 62 and 78 species in the families Lycosidae and 
Linyphiidae respectively. Even though there are many species of spiders 
common in the U.S., only two guilds of spiders exist– web-builders and 
wandering spiders (Uetz et al. 1999). All spiders are predatory primarily on 
insects (Riechert and Lockley 1984), but according to Riechert and Harp (1987), 
four attributes determine how well spiders capture prey – prey availability, the 
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nutritional value of prey, spider body temperature, and risk of predation. Spiders 
also normally require behavioral cues in order to select an optimal foraging site 
and initiate attack and feeding on prey items (Riechert and Harp 1987). 
Maloney et al. (2003) found that spiders exert top-down control of 
herbivores such as Hemipterans, Coleopterans, and Dipterans (Riechert and 
Lawrence 1997). However, they also found that spiders are more sensitive to 
insecticides than many of their prey species. Minimal usage of chemical controls 
and applications of mulch for shelter allow spider populations to flourish in 
cropping systems. The impacts spiders have on pest populations often fluctuate 
with climate and spider population density (Nyffeler and Sunderland 2003). For 
example, a study by Vichitbandha and Wise (2002) speculated that low 
populations of pest species or low ambient densities of spiders were to blame for 
the lack of difference in soybean yields in treatments with and without spiders. 
However, little is known about spider ecology in relation to differences in 
landscape cover and composition and needs to be examined in further detail. 
 
1.2.2 Intraguild Competition 
Intraguild competition is a possible complication of using generalist 
predators for pest control. This can come in the form of predation or parasitism of 
other predators, directly competing for similar prey items, or altering foraging 
behavior due to the presence of another predator (Polis et al. 1989, Rosenheim 
2007). The resulting influence of intraguild interference can cause fluctuations in 
predator abundances and, therefore, pest populations (Symondson et al. 2002). 
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Generally, a greater diversity of terrestrial arthropod predators increases the 
likelihood of intraguild interference (Snyder and Wise 2001). But the influence 
this interference has on herbivore predation rates depends on the predator 
species composition, density, and sex ratios (Takizawa and Snyder 2011).  
Intraguild interference can play a large part in determining the predator 
population dynamics of a field (Sanders and Platner 2007). Ant and spiders, both 
generalist predators found in agricultural systems, share the same trophic level 
and are found in high densities in similar habitats (Bruning 1991, Halaj et al. 
1997). Although intraguild competition is always a concern with generalist 
predators used as biological control, this should not dissuade growers from using 
generalist predators as biological control agents because this interference does 
not necessarily inhibit the ability of predators to suppress pests (Rosenheim et al. 
1993, Lang 2003, Law and Rosenheim 2011) as the available food supply and 
foraging territory as determined by landscape cover and fragmentation around 
crop fields could mediate ant by spider interactions. 
 
1.3 Molecular Gut Content Analysis 
Predators require regulation of multiple nutrients by balancing their intake 
of various prey (e.g. aphids) since prey items contain varying nutrient content 
(Fagan et al. 2003, Mayntz et al. 2005). This differential preference for food items 
could influence the feeding habits of predators under field conditions. Ants, in 
particular, have been known to both farm aphids for honeydew and prey upon the 
same aphid colony to meet their dietary needs (Hölldobler and Wilson 1990); 
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however, farming aphids is detrimental to plant health whereas consuming 
aphids is not. Therefore, knowing whether an ant has benefitted the pest 
population or the plants is important for determining which ant species are 
suitable for biological control agents. One way of elucidating what predators are 
consuming is by estimating the within field abundances of all potential prey items 
and assuming that predators will consume them at approximately the encounter 
rate (Thomas et al. 2009, Schmidt et al. 2012); but not all predators interact with 
prey species this way (Athey et al. 2016). Therefore, the use of molecular gut 
content analysis or detection of prey species DNA in predator guts can be used 
to reliably identify predator-prey linkages (Hoogendoorn and Heimpel 2002, 
Symondson 2002, Harwood et al. 2004, King et al. 2008). 
 
1.4 Landscape Ecology  
Since agricultural fields typically require large amounts of inputs and 
compose a large percentage of the landscape, they are subjected to a great deal 
of influence by landscape heterogeneity (Altieri 1999), the effects of which will be 
looked at in some detail in this study. Landscape structure and heterogeneity are 
comprised of several components – land cover (i.e. forest, grasslands), land use 
(i.e. grasslands for hay versus pasture), and fragmentation (Fahrig and Jonsen 
1998, Fahrig et al. 2011). These elements work in conjunction with each other to 
determine the landscape diversity (number of cover types/uses) and 
connectedness (size and fragmentation of each type/cover) that a given species 
can use. The scale of these interactions is also vital to consider as area 
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requirements of each species depend on the species size, nutritional 
requirements, and dispersal mechanisms (Gabriel et al. 2006).  
 
1.4.1 Impact of Landscape on Biodiversity 
The increasing cultivation of arable land in North America is dramatically 
altering landscape composition, and negatively impacting plant diversity and 
arthropod diversity (Chapin III et al. 2000, Hooper et al. 2000, Henle et al. 2008). 
The degree of arthropod biodiversity in agroecosystems depends on the 
vegetative diversity of the field, the permanence of the cropping system, degree 
of disturbance, and the degree of isolation from natural areas (Altieri 1999). 
Chisholm et al. (2011) found that multiple levels of arthropod diversity are 
associated with high quality, low disturbance landscapes. Overall, landscapes 
with less farmed land have significantly more arthropod diversity than cultivated 
fields (Clough et al. 2005, Clough et al. 2014). Several studies have shown little 
difference in diversity due to organic or conventional farming methods. What they 
did find is that the surrounding landscape had a significant impact on in-field 
diversity whether the system was organic or conventional (Gibson et al. 2007). 
Studies have also found that increasing the amount of corn or decreasing overall 
landscape diversity in a given area will result in a decrease in natural pest control 
in the adjacent soybean fields (Landis et al. 2008, Gardiner et al. 2009, Gardiner 
et al. 2010). Landscape types can enable these pests to spread and flourish as 
differing rates and needs to be considered when dealing with pest control issues 
(Bianchi et al. 2006). 
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Not only does cultivated land typically decrease the amount of arthropod 
biodiversity but even within such systems, cultivated field margins are especially 
barren (Meek et al. 2002). The interface between cropland and all other land 
covers is of great importance because it is here that predators and herbivores 
enter a field. The edge effect is defined as “the impact on species richness in the 
area between two adjoining habitats” (Dauber and Wolters 2004). However, 
exactly how to measure or define an edge is difficult. This could be due to the 
confounding effects of the differences in matrix or direct and indirect biological 
differences in and around an edge (Murcia 1995). These edge interfaces with the 
field can be beneficial and detrimental for farmers – allowing an influx of 
predators but also of pest species (Tscharntke et al. 2005). Despite the impact of 
edge effects, on the whole, landscape composition has the much more significant 
impact on diversity (Donovan et al. 1997, Gabriel et al. 2006).  
 
1.4.2 Landscape Impacts on Biological Control 
Biological control needs to be considered when making large-scale 
landscape management practices (Zhang et al. 2007) because predators react 
differently to disturbance at different spatial scales (Steffan-Dewenter et al. 2002, 
Frank et al. 2011). Habitat management to supplement pest control involves the 
control of not just the crop and farmlands but also the surrounding landscapes 
(Landis et al. 2000). Altieri (1999) noted that high crop diversity and mixing crops 
temporally and spatially is important to maintaining low pest populations, 
particularly when small plots of crops are intermingled with uncultivated lands 
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because these areas are vital to maintaining the population of predators within 
heavily disturbed fields (Benton et al. 2003, Schmidt et al. 2005, Gardiner et al. 
2009, Gardiner et al. 2010). For instance, Bianchi et al. (2006) found that natural 
enemy populations were 80% enhanced within herbaceous habitats and 71% 
within woody habitats around agricultural fields. Habitat and landscape 
composition impact the level of pest suppression by predators (Madsen et al. 
2004) by protecting higher trophic levels from local extinction due to disturbance 
regimes by providing refuge areas (Finke and Snyder 2010) or by supplementing 
the generalist diets with alternative prey items, allowing predators to live longer 
with greater fecundity (Landis et al. 2000). Therefore, the more that is known 
about how landscape management and composition impacts predator diets and 
intraguild interactions in crops, the more conservation biological control can be 
manipulated for specific field sites and pest problems.  
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Figure 1-1 Generalized diagram of the connections established by the research 
in this dissertation. 
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Chapter 2 OVERCOMING PCR INHIBITION DURING DNA-BASED GUT 
CONTENT ANALYSIS OF ANTS 
 
Chapter contents published in Penn, HJ, EG Chapman, and JD Harwood. 2016. 
Overcoming PCR Inhibition for Ant DNA Gut Content Analysis. Environmental 
Entomology (doi: 10.1093/ee/nvw090). 
 
2. 1 Summary 
Generalist predators play an important role in many terrestrial systems, 
especially within agricultural settings, and ants (Hymenoptera: Formicidae) often 
constitute important linkages of these food webs, as they are abundant and 
influential in these ecosystems. Molecular gut content analysis provides a means 
of delineating food web linkages of ants based on the presence of prey DNA 
within their guts. Although this method can provide insight, its use on ants has 
been limited, potentially due to inhibition when amplifying gut content DNA. We 
designed a series of experiments to determine those ant organs responsible for 
inhibition and identified variation in inhibition among three species (Tetramorium 
caespitum (L.), Solenopsis invicta Buren, and Camponotus floridanus (Buckley)). 
No body segment, other than the gaster, caused significant inhibition. Following 
dissection, we determined that within the gaster, the digestive tract and crop 
cause significant levels of inhibition. We found significant differences in the 
frequency of inhibition between the three species tested, with inhibition most 
evident in T. caespitum. The most effective method to prevent inhibition before 
DNA extraction was to exude crop contents and crop structures onto UV-
sterilized tissue. However, if extracted samples exhibit inhibition, addition of 
bovine serum albumin to PCR reagents will overcome this problem. These 
methods will circumvent gut content inhibition within selected species of ants, 
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thereby allowing more detailed and reliable studies of ant food webs. As little is 
known about the prevalence of this inhibition in other species, it is recommended 
that the protocols in this study are used until otherwise shown to be unnecessary. 
 
2. 2 Introduction 
As voracious predators, ants have the potential to exert significant 
pressure on their herbivorous prey as they exhibit a wide array of feeding 
preferences and can consume arthropods of all sizes (Hölldobler and Wilson 
1990). Their ubiquity in urban, forested, and agricultural areas, coupled with their 
diverse feeding habits, suggests their consumption patterns could have important 
ramifications for food web dynamics (Philpott et al. 2010). For instance, Formica 
exsectoides Forel (Hymenoptera: Formicidae) has been identified as a major 
predator of forest pests in pine stands (Campbell 1990), significantly reducing the 
population of gypsy moth (Lymantria dispar dispar L. (Lepidoptera: Erebidae)), 
jack pine budworm (Choristoneura pinus Freeman (Lepidoptera: Tortricidae)), 
redheaded pine sawfly (Neodiprion lecontei (Fitch) (Hymenoptera: Diprionidae)), 
and white pine weevil (Pissodes strobe Peck (Coleoptera: Curculionidae)). 
Furthermore, multiple ant species are important predators of tropical agricultural 
pests as diverse as coffee berry borer (Hypothenemus hampei (Ferrari) 
(Coleoptera: Curculionidae)) in coffee (Gonthier et al. 2013, Trible and Carroll 
2014), fall armyworm (Spodoptera frugiperda (J. E. Smith) (Lepidoptera: 
Noctuidae)) and corn leafhopper (Dalbulus maidis (De Long and Wolcott) 
(Hemiptera: Cicadellidae)) in maize (Perfecto 1990), the oriental fruit fly 
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(Bactrocera dorsalis (Hendel) (Diptera: Tephritidae)) in citrus (Diame et al. 2015) 
and mango leaf-hoppers (Idioscopus nitidulus (Walker) (Hemiptera: 
Cicadellidae)) in mango (Peng and Christian 2005a). However, their interactions 
within the food webs of many other systems remain unclear. To better 
characterize the impact of ants as predators, it is imperative to map the structure 
of their food webs and establish general consumption patterns (Choate and 
Drummond 2011) because, as with other generalist predators, predation 
frequency is not always correlated to prey availability.  
Methods previously used to characterize ant food webs have often been 
approximate and vague. Visual assays of ant foraging have been extremely 
difficult to conduct, especially on night-foraging ants, and provide relatively 
unreliable estimates of predation (Agarwal et al. 2007). Stable-isotope studies 
have long been employed in ant systems but only estimate the general trophic 
position of an ant species and do not determine the specific prey being 
consumed (Blüthgen et al. 2003) or the structure of food webs. Molecular gut 
content analysis, a postmortem method of identifying trophic linkages, is highly 
sensitive at identifying prey-specific DNA within predator guts (Symondson 2002, 
Sheppard and Harwood 2005, King et al. 2008, Weber and Lundgren 2009). This 
approach could be an excellent diagnostic tool to delineate trophic linkages and 
estimate predation patterns of ants on key prey species including crop pests, 
forest insects, and species occurring in the urban environment. 
The few studies utilizing molecular gut content analysis on ants have revealed 
the difficulties in obtaining prey DNA from ant samples using whole body 
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extractions. Fournier et al. (2008) tested 24 ant foragers for glassy-winged 
sharpshooter (Homalodisca vitripennis (Germar) (Hemiptera: Cicadellidae)) DNA 
using PCR but none tested positive, despite the discrepancy of 12% testing 
positive using enzyme-linked immunosorbent assays for the same prey. 
Similarly, a study investigating predation of Camponotus pennsylvanicus 
(DeGeer) (Hymenoptera: Formicidae) on red oak borers (Enaphalodes rufulus 
(Haldeman) (Coleoptera: Cerambycidae)) revealed very few field-caught 
specimens tested positive (1.7%) despite high levels of predation being observed 
on artificially placed egg masses (Muilenburg et al. 2008). These studies did not 
examine if ant gut content DNA extraction and amplification were being inhibited, 
although this phenomenon has been found in the ground beetle Poecilus 
versicolor (Sturm) (Coleoptera: Carabidae) (Juen and Traugott 2006). Within 
ants, specifically, Gadau (2009) postulated that PCR inhibition might be due to 
interference from glands within the gaster, where the majority of the adult ant 
digestive tract is located. The uncertainty in detection of DNA in ant guts and 
unreliability of data thus obtained indicate the importance of characterizing the 
effect of ant organs on DNA detection and amplification success. 
To determine if, and which, body segments and organs inhibit extraction 
and/or PCR of prey DNA from ant guts, we conducted a series of experiments to 
characterize detection success. Based on the assumptions of Gadau (2009), we 
hypothesized that the gaster, containing the poison and Dufour’s glands, causes 
a degree of PCR inhibition in ants that could lead to incorrect interpretation of 
molecular gut-content data from the field. Furthermore, we examined whether 
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this effect could be observed in three species of ants (Tetramorium caespitum, 
Solenopsis invicta, and Camponotus floridanus) and determined two efficient 
mechanisms to overcome inhibition, when present. 
 
2. 3 Materials and Methods 
2.3.1 Insects 
Colonies of Tetramorium caespitum (L.) (Hymenoptera: Formicidae) were 
selected, based on their prevalence in urban and agricultural settings (López and 
Potter 2000, 2003). Solenopsis invicta Buren (Hymenoptera: Formicidae), an 
invasive species, was identified as an optimal ant to use due to its predaceous 
habits and potential use for biological control in urban and agricultural systems 
within the southeastern USA (Adams et al. 1983, Eubanks 2001, Eubanks et al. 
2002), and Camponotus floridanus (Buckley) (Hymenoptera: Formicidae) was 
selected based on its common use as a model species for molecular work 
(Gadau et al. 1996, Simola et al. 2013). T. caespitum, S. invicta, and C. 
floridanus were collected from field sites in Lexington, Kentucky, U.S.A. (38° 6' 
55.0794" N, 84° 30' 20.52" W), St. Cloud, Florida, U.S.A. (28° 10' 39.36" N, 81° 
14' 37.6794" W), and Micanopy, Florida, U.S.A. (29° 29' 57.1194" N, 82° 19' 
45.12" W), respectively. Five colonies within 0.2 hectares from each other were 
collected from each species with the number of individuals sampled in proportion 
to the colony size. Specimens were collected using sterilized soft-forceps, 
individually stored in autoclaved 1.5 ml microcentrifuge tubes with 95% ethanol, 
and maintained at -20°C until molecular screening. 
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In addition to preserved wild-caught specimens, live T. caespitum colonies 
for use in determining the amount of liquid housed in the crop and DNA decay 
rate trials were excavated from the Spindletop Research Farm, Lexington, 
Kentucky, U.S.A., and allowed to settle into 19 liter (5 gallon) buckets for 3 days 
before brood, workers, and queens were sorted into laboratory nests (Smith and 
Tschinkel 2009). Colonies had access to water and were fed a diet of honey 
(ALDI, Inc., Batavia, Illinois, U.S.A.), peanut butter (ALDI, Inc., Batavia, Illinois, 
U.S.A.), and freshly killed Drosophila melanogaster Meigen (Diptera: 
Drosophilidae) in order to maintain colony function without introduction of 
experimental prey DNA (A. pisum). All colonies were maintained under controlled 
conditions of 25 ± 1 °C, 65 ± 5% RH, and 10: 14 L:D cycle. 
Pea aphids, Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae), were 
selected as a target pest based on relevance as a model organism in molecular 
studies (Ferrari et al. 2012, Russell et al. 2013) and abundance in Kentucky 
(Pass and Parr 1971, Green et al. 2015). Additionally, no A. pisum were 
observed near the collection sites of ant colonies, ensuring that the ants did not 
have A. pisum DNA in their guts prior to testing, Aphids were removed from 
colonies already established on Vicia faba (L.) (Fabales: Fabaceae) in 
greenhouse colonies at the University of Kentucky in Lexington, Kentucky. All 
colonies were kept under controlled conditions of 25 ± 1 °C, 65 ± 5% RH, and 
16:8 L:D cycle. 
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2.3.2 Dissection Treatments 
Dissections were conducted to optimize the extraction and amplification of 
prey DNA from ant guts and determine if, and which, major body segments and 
corresponding organ systems were inhibiting these processes.  Preserved 
specimens of T. caespitum, S. invicta, and C. floridanus were used for this 
experiment (n = 90 per species). Stored ants were surface sterilized. The 
treatments included whole bodies, major body segments (head, mesosoma, legs, 
and gaster), and organs within the gaster (crop including proventriculus, entire 
gut tract, Dufour’s gland, and poison gland) (Figure 2-1). 
To determine if the organs were inhibiting extraction and amplification of 
small quantities of non-ant DNA, a controlled amount of prey DNA was added to 
all dissection treatments (Figure 2-2). The quantity of prey mixture used  was 
determined by allowing live ants from five T. caespitum laboratory colonies to 
feed on the A. pisum mixture (freshly killed and ground A. pisum, 0.5 mL de-
ionized water, and orange neon gel food color (Betty Crocker®, Signature 
Brands, LLC., Ocala, Florida, U.S.A.)). This prey combination was used to 
encourage forager feeding and subsequent identification (food coloring) in lieu of 
foragers taking whole prey items back to the nest for larval consumption. 
Foragers were allowed to feed until satiated (approximately two to three minutes 
depending on forager size) and began moving away from the food source, then 
immediately killed in 95% ethanol to obtain a maximum crop capacity and reduce 
variation introduced by ingestion time, and surface sterilized to minimize external 
contamination (Andrews 2013). Their gasters were separated from the rest of 
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their body, and the contents of the crop extracted through the petiole onto UV-
sterilized Kim Wipes (Kimberly-Clark Professional®, Roswell, Georgia, U.S.A.) 
using sterile forceps. In every instance, the crop contents were colored orange by 
the food coloring, indicating that the prey mixture had reached the crop by the 
time of dissection. Colored areas of the Kim Wipes were measured for three ants 
from each colony and compared to known amounts of aphid mixture pipetted 
onto Kim Wipes. The diameter of the known volume of A. pisum mixture that 
matched the average of the crop contents in diameter was selected (0.05 µL) and 
was used to determine the quantity of prey DNA used to spike all dissection 
samples. 
A set of samples of crop contents without the presence of the crop 
structure was obtained from T. caespitum (n = 15). Colonies of T. caespitum 
were starved for a period of 7 days before the testing then provided the A. pisum 
mixture and killed as above. Within this time period, no carbohydrate sources 
were provided for foraging worker consumption and any colony food stores would 
not contain easily accessible carbohydrates or prey containing A. pisum DNA. 
Crop contents were immediately removed, the volumetric data obtained (as 
above) and used as a comparison against crop dissection treatments. 
 
2.3.3 DNA Extraction and PCR  
Immediately following collection, samples were homogenized in 180 µL of 
tissue lysis buffer. Total DNA was extracted from all samples using Qiagen 
DNeasy Blood and Tissue Kits© (Qiagen Inc., Valencia, California, U.S.A.) 
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following the animal tissue protocol. Samples on Kim Wipe papers were 
extracted with the paper intact. DNA was then stored in clean 1.5 mL 
microcentrifuge tubes at -20°C until PCR analysis. A positive control (A. pisum) 
was extracted with each set of dissected treatments. 
To facilitate the design of A. pisum primers and test amplification rates of 
ant gut content DNA, a data matrix was constructed that contained cytochrome c 
oxidase subunit I (COI) sequences from A. pisum and a variety of aphid taxa 
(Chapman et al. 2010). Our goal was to design a primer pair that would amplify 
A. pisum DNA without amplifying DNA from T. caespitum, S. invicta, or C. 
floridanus. COI was amplified from colony specimens of A. pisum with the 
general COI primers LCO-1498 (Folmer et al. 1994) and HCO-700me (Breton et 
al. 2006). Polymerase chain reactions (total volume = 25 µL) consisted of 1X 
Takara buffer (Takara Bio Inc. Shiga, Japan), 0.2 mM of each dNTP, 0.2 mM of 
each primer, 0.625 U Takara Ex Taq and template DNA (1 µL of total DNA). PCR 
was carried out using a Bio-Rad C1000 thermal cycler (Bio-Rad Laboratories, 
Hercules, California, U.S.A.). The PCR cycling protocol for Takara reagents was 
an initial denaturation of 94 °C for 1 minute followed by 40 cycles of 94 °C for 60 
s, 40 °C for 60 s, and 72 °C for 60 s. PCRs were cycle sequenced using labeled 
dideoxynucleotides (ABI Big-Dye Terminator mix v. 3.0; Applied Biosystems, 
Foster City, California, U.S.A.; ABI sequencer). The separation of cycle 
sequencing reaction products was done in Applied Biosystems 3730XL or 3730 
DNA Analyzers at the Advanced Genetic Technology Center at the University of 
Kentucky. 
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A. pisum primers were designed with Primer3 (Rozen and Skaletsky 2000) 
and the forward primer (Apisum-219-F) sequence being 5’ – 
GTCCTGATATATCATTTCCTCGC – 3’ and the reverse (Apisum-428-R) 5’ –
AAATTGATGAAATTCCTGCTAGG – 3’. The primers have an optimal annealing 
temperature of 63 °C and produce a 210 bp amplicon. The PCR cycling protocol 
for Takara reagents was 94 °C for 1 minute followed by 40 cycles of 94 °C for 45 
s, 63 °C for 45 s, and 72 °C for 30 s. Primers were tested against 184 non-target 
samples to ensure specificity, and DNA half-life of A. pisum DNA in T. caespitum 
guts calculated using the abovementioned primers. 
The total DNA in all samples was first amplified with the above A. pisum-
specific primers. All PCRs (12.5 µL total volume) consisted of 1X Takara buffer 
(Takara Bio Inc. Shiga, Japan), 0.2 mM of each dNTP, 0.2 mM of each primer, 
0.31 U Takara Ex TaqTM and template DNA (1 µL of total DNA). PCRs were 
carried out as above. To determine the viability of the extractions not testing 
positive for A. pisum DNA, samples were screened using general COI primers 
Jerry (Simon et al. 1994) and Ben3R (Villesen et al. 2004a). These reactions 
were carried out using Bio-Rad PTC-200 and C1000 thermal cyclers (Bio-Rad 
Laboratories, Hercules, California, U.S.A.). The PCR cycling protocol for the 
general COI primers Jerry and Ben3R (with Takara reagents as above) was 94 
°C for 1 minute followed by 35 cycles of 95 °C for 60 s, 47 °C for 60 s, and 72 °C 
for 90 s. Following amplification, reaction success was determined by 
electrophoresis of 10 µL PCR product pre-stained with GelRed nucleic acid gel 
stain (1X Biotium, Hayward, California, U.S.A.) on 2% SeaKem agarose (Lonza, 
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Rockland, Maine, U.S.A.). In all cases, sets of PCRs contained one positive 
control of only A. pisum DNA and one negative control of all reagents without the 
addition of sample DNA. Additionally, any reactions not testing positive with the 
general COI primers (n = 2) were assumed to be unreliable and were not 
factored into the results. Addition of bovine serum albumin (BSA), as used in 
previous studies (Juen and Traugott 2006), was also examined for prevention of 
PCR inhibition in dissection treatments that tested negative for A. pisum primers 
but positive with general COI primers. Samples of all ant species meeting this 
criteria were treated with 0, 0.23, 0.25, 0.27, 0.30, and 0.33 µL BSA per 1 µL of 
DNA (n = 36) (Hoogendoorn and Heimpel 2001, Egert et al. 2004) during PCR. 
Feeding trials were undertaken to determine the rate of amplification 
success for ants after consumption and subsequent digestion of A. pisum. For 
the feeding trials, colonies of T. caespitum were starved for a period of 7 days 
before the testing began. Colonies were then provided with A. pisum mixture as 
described in detail in the Methods then immediately removed and transferred into 
individual plastic containers with a water supply. Twenty ants were immediately 
processed as below and the remaining ants were then given time to digest their 
meals for 1, 2, 4, 8, 12, 16, and 24 h (n = 16-20 ants/time period).  Ants were 
killed and stored in 95% ethanol at -20°C until extraction. Following collection of 
foragers, crop contents excluding all body parts were obtained. This was done by 
separating the gaster from the rest of the body, and squeezing out the contents 
of the crop through the petiole onto UV-sterilized Kim Wipe papers. The portion 
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of the papers containing crop contents was excised, extracted, and analyzed in 
the same fashion as the previously discussed dissection treatments.  
 
2.3.4 Statistical Analyses 
Frequency of inhibition in whole body extractions of each ant species was 
compared against A. pisum positive control samples. A second analysis 
examined which of the major body segments elicited inhibition including ant 
species, body segment, and species by segment interaction terms. To determine 
which organs in the targeted body segment were causing inhibition, a third model 
was completed using species, organ, and species by organ interaction terms. 
The inhibition rates of the crop were then compared to those of the crop contents 
(without the organ structure included) for T. caespitum. Finally, the influence of 
BSA addition to samples previously exhibiting inhibition was analyzed in a similar 
fashion using BSA presence/absence, ant species, and organ/body segment as 
model terms. All five models were completed using Firth’s penalized-likelihood 
logistic regression using PROC LOGISTIC in SAS 9.4 (SAS Institute, Cary, North 
Carolina) (Firth 1993, Fort and Lambert-Lacroix 2005, Wang 2014). The 
detectability of A. pisum DNA in T. caespitum guts over time (feeding trial) was 
calculated using a Probit model (PROC PROBIT) in PC SAS version 9.4 (SAS 
Institute, Cary, North Carolina, U.S.A.) with 95% confidence intervals (Payton et 
al. 2003, Greenstone et al. 2007). 
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2.4 Results 
Primer Design. The A. pisum primers did not amplify any of the ant 
species or their previous food items (D. melanogaster) during non-target testing 
and amplified A. pisum DNA with 100% success. Of the non-target species 
tested, seven (Aphididae: Sitobian avenae, Thomisidae, Alydidae, Lygaeidae, 
Rhyparachromidae, and Pentatomidae) samples exhibited cross-reactivity with 
the A. pisum primers; six of the seven being Hemiptera (Table 2-1).  However, 
this cross-reactivity was irrelevant for this study because ants were not exposed 
to these species in the laboratory. 
Gut Content Inhibition Sources and DNA Degradation. PCR success was 
significantly lower in the whole body extractions than in the A. pisum positive 
controls (χ² = 14.40, P < 0.01) (Figure 2-3). Ant species identity was also a 
significant factor in inhibition at the whole-body level, with T. caespitum exhibiting 
increased inhibition compared to C. floridanus and S. invicta (χ² = 9.99, P < 
0.01). Since some level of inhibition (average amplification success < 100%) of 
whole body extractions was found in all ant species, inhibition in the major body 
segments (head, mesosoma, gaster, and legs) was examined. Only the gaster 
differed in amplification success from the positive controls (χ² = 5.46, P = 0.02) 
(Figure 2-3). As with whole body samples, there were observed species-level 
effects for the major body segments, with the T. caespitum by gaster interaction 
term being significant (χ² = 4.09, P = 0.04). With all of these treatment 
differences, T. caespitum appeared to be the driving variable. 
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Examination of organs within the gaster revealed that the crop exhibited the 
lowest levels of amplification success (χ² = 6.61, P = 0.01) (Figure 2-3). Again, 
there was a species effect at the organ-level, with the T. caespitum (χ² = 4.92, P 
= 0.03) and T. caespitum by gut tract interaction (χ² = 4.92, P = 0.03) terms being 
significant. When dissection treatments containing parts of the gut (i.e. whole 
body, gaster, crop, and gut dissections) were pooled, 99% of S. invicta samples 
permitted DNA amplification, whereas 90% of C. floridanus and only 45% of T. 
caespitum samples were successful. Again, these treatment differences were 
dependent upon T. caespitum.  
 Amplification success of extracted T. caespitum crop contents with crop 
structure on Kim Wipes was significantly greater than T. caespitum samples with 
the crop included (χ² = 6.05, P = 0.01). All samples without the inclusion of the 
crop structure tested positive for A. pisum DNA. The optimal quantity of BSA was 
determined to be 0.25 µL / 1 µL total DNA per PCR since it was the minimum 
amount necessary to reach 100% amplification success. This quantity of BSA 
was found to increase amplification from 0% to 100% in samples previously 
testing negative (χ² = 29.65, P < 0.01). This indicates that the inhibition was not 
occurring during sample extraction but during PCR and that samples (especially 
T. caespitum) can be saved during PCR using a combination of these two 
methods. The degradation rate in detection for the A. pisum DNA was 
significantly different from zero (χ² = 39.34, P < 0.01). A. pisum DNA could be 
amplified for up to 7.4 h for 50% of sampled ants (Figure 2-4) and at 24 h, prey 
DNA was no longer detectable in the crops of the ant foragers.  
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2.5 Discussion 
It has been recognized that obtaining gut content DNA from ants can be 
exceedingly difficult (Strehl and Gadau 2004, Gadau 2009). Our results 
corroborate this for one of the species tested, indicating that PCR inhibition is 
attributable to a component of the digestive system not the poison or Dufour’s 
glands as we hypothesized. Since inhibition in this species is due to components 
of the digestive tract, these results indicate that considerable care should be 
taken with T. caespitum and possible other untested species gut dissections 
when material is being used for molecular gut content analysis. This is especially 
true given the optimal situation these samples were analyzed under – with 
ingestion at time 0 and full crop contents. Given the results of the DNA 
degradation study (DNA half-life of 7.5 hours) and the potential for live ant organs 
to interfere differently, these results should be taken as conservative estimates of 
inhibition within this species. 
Interestingly, we found differences in the levels of PCR inhibition between 
the three different ant species. While all species tested elicited some level of 
inhibition (average amplification success < 100% for whole body extractions), 
there were clear differences in the overall impact species had on the reliability of 
DNA-based gut content analysis. This could be due to differences in 
endosymbiotic bacteria (Zientz et al. 2005) or digestion-related enzymes 
secreted by these ants (Ayre 1967, Went et al. 1972).  Since the crop contents, 
once removed from the organ itself, exhibited no inhibition whatsoever, the 
interference might be due to the organ structure and not digestive tract 
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secretions per se. Further study is necessary to tease apart the particular 
compound causing this inhibition and better understand why inhibition rates vary 
so drastically between the tested ant species. Our results indicate that field-
collected T. caespitum should be either dissected to exclude inhibitory organs 
influencing the results or be screened with BSA addition during PCR to 
significantly reduce the risk of false negatives. Without such safeguards, the 
existence of false-negatives could underestimate predation rates. 
Despite the presence of PCR inhibition within the one of the ant species 
screened, these data provide two effective methods to overcome this inhibition. 
Exuding crop contents onto sterile Kim Wipes is reliable and adds little time or 
expense to the overall process of testing ant samples for prey DNA. However, 
this method has the potential to shorten the detection period of prey DNA as it 
will not include DNA that has moved from the crop into the rest of the digestive 
tract. Additionally, this method must be used before extractions are completed 
and is, therefore, not helpful for previously extracted samples. However, the 
addition of BSA to samples already containing inhibitory agents, such as whole 
body extractions, may be helpful. BSA has been used in this way for the spotted 
lady beetles (Coleomegilla maculata (DeGeer) (Coleoptera: Coccinellidae)) and 
the spined soldier bug (Podisus maculiventris (Say) (Hemiptera: Pentatomidae)) 
(Hoogendoorn and Heimpel 2001, Greenstone et al. 2007) and is a valuable 
reagent to include in molecular gut content analysis. Both of these methods are 
useful, relatively easy to implement, and provide valuable solutions for different 
situations. 
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Our results suggest that at least several species of ants can easily be 
studied using molecular gut content analysis if appropriate care is taken. These 
data provide the methodology and confirmation of approaches to allow more 
accurate delineation of ant food webs and illumination of their biological control 
potential in agricultural, forestry, and urban settings. For instance, research has 
revealed the relative contribution of T. caespitum as an urban forager and waste-
remover (Youngsteadt et al. 2014, Penick et al. 2015), as well as being an 
effective predator of turf grass pests (López and Potter 2000, 2003). These 
relationships, and other ant food web dynamics, can be further examined using 
molecular gut content analysis now that a methodology has been validated to 
reliably examine gut content. Until further investigation into the inhibition rates of 
other species and the mechanism of inhibition, un-tested ants should be 
assumed to exhibit inhibition and preventative measures, such as the protocols 
mentioned here, taken. 
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Table 2-1 Non-target species tested for cross-reactivity with the pea aphid 
primers (Apisum-219-F and Apisum-428-R) designed for this study. 
Order Family Species No. 
Tested 
No. 
Positive 
Araneae Araneidae 
 
4 0 
Araneae Lycosidae 
 
2 0 
Araneae Oxyopidae 
 
2 0 
Araneae Salticidae 
 
3 0 
Araneae Tetragnathidae 
 
1 0 
Araneae Thomisidae 
 
2 1 
Coleoptera Anthicidae 
 
2 1 
Coleoptera Carabidae 
 
2 0 
Coleoptera Chrysomelidae 
 
2 0 
Coleoptera Coccinellidae 
 
3 0 
Coleoptera Coccinellidae Scymnus sp. 1 0 
Coleoptera Curculionidae 
 
1 0 
Coleoptera Elateridae 
 
1 0 
Coleoptera Latridiidae 
 
1 0 
Coleoptera Phalacridae 
 
1 0 
Coleoptera Staphylinidae 
 
2 0 
Diptera Agromyzidae 
 
1 0 
Diptera Agromyzidae Liriomyza sp. 1 0 
Diptera Anthomyiidae 
 
2 0 
Diptera Anthomyiidae Delia antiqua 2 0 
Diptera Brachycera 
 
2 0 
Diptera Chironomidae 
 
1 0 
Diptera Chloropidae Thaumatomyia 
glabra 
1 0 
Diptera Dolichopodidae Dolichopus finitus 1 0 
Diptera Drosophilidae 
 
3 0 
Diptera Heleomyzidae 
 
1 0 
Diptera Hybotidae Platypalpus sp. 3 0 
Diptera Syrphidae 
 
1 0 
Gastropoda Discidae Anguispira alternata 1 0 
Gastropoda Polygyridae Mesodon zaletus 1 0 
Hemiptera Aleyrodidae Bemisia tabaci 2 0 
Hemiptera Alydidae 
 
3 3 
Hemiptera Aphididae 
 
1 0 
Hemiptera Aphididae Brevicoryne 
brassicae 
3 0 
Hemiptera Aphididae Capitophorus 
eleagni 
3 0 
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Table 2-1 continued 
Order Family Species No. 
Tested 
No. 
Positive 
Hemiptera Aphididae Carolina rhois 2 0 
Hemiptera Aphididae Chaetosiphon 
thomasi 
1 0 
Hemiptera Aphididae Hyadaphis 
pseudobrassicae 
3 0 
Hemiptera Aphididae Illinoia goldamaryae 2 0 
Hemiptera Aphididae Macrosiphon 
euphorbiae 
2 0 
Hemiptera Aphididae Macrosiphon sp. 2 0 
Hemiptera Aphididae Myzocallis 
asclepiadis 
3 0 
Hemiptera Aphididae Myzus persicae 6 0 
Hemiptera Aphididae Pleotrichophorus 
pseudopatonkus 
2 0 
Hemiptera Aphididae Rhodobium 
porosum 
1 0 
Hemiptera Aphididae Rhopalosiphun padi 9 0 
Hemiptera Aphididae Sitobion avenae 21 17 
Hemiptera Aphididae Uroleucon  
gravicorne 
3 0 
Hemiptera Aphididae Uroleucon  
helianthicola 
1 0 
Hemiptera Aphididae Uroleucon  
macgillivrayae 
4 0 
Hemiptera Cicadellidae 
 
4 0 
Hemiptera Coccidae Coccus hesperidum 1 0 
Hemiptera Coccidae Eulecanium 
cerasorum 
1 0 
Hemiptera Coccidae Neolecanium 
cornuparvum 
1 0 
Hemiptera Coccidae Parthenolecanium 
quercifex 
1 0 
Hemiptera Coccidae Pulvinaria 
innumerabilis 
1 0 
Hemiptera Corimelaenidae 
 
1 0 
Hemiptera Cynidae 
 
4 0 
Hemiptera Geocoridae 
 
2 0 
Hemiptera Lygaeidae 
 
1 0 
Hemiptera Miridae 
 
1 0 
Hemiptera Nabidae 
 
1 0 
Hemiptera Pentatomidae Euschistus servus 2 0 
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Table 2-1 continued 
Order Family Species No. 
Tested 
No. 
Positive 
Hemiptera Pentatomidae Nezara viridula 3 0 
Hemiptera Pentatomidae Oebalus pugnax 3 0 
Hemiptera Pentatomidae 
 
6 2 
Hemiptera Psyllidae Bactericera 
cockerelli 
1 0 
Hemiptera Psyllidae Cacopsylla pyricola 1 0 
Hemiptera Reduviidae 
 
1 0 
Hemiptera Rhyparochromidae 
 
1 1 
Hymenoptera Argidae 
 
1 0 
Hymenoptera Formicidae Camponotus 
floridanus 
2 0 
Hymenoptera Formicidae 
 
1 0 
Hymenoptera Formicidae Pheidole tysoni 4 0 
Hymenoptera Formicidae Solenopsis invicta 2 0 
Hymenoptera Formicidae Tetramorium 
caespitum 
9 0 
Hymenoptera Platygastridae 
 
1 0 
Lepidoptera Noctuidae Trichoplusia sp. 1 0 
Primates Hominidae Homo sapiens 1 0 
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Figure 2-1 Generalized diagram of ant body segments and internal organs 
screened by molecular gut content analysis to quantify the frequency of inhibition 
by each representative part of the ant. 
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Figure 2-2 Diagram of dissection stages where (A) whole ant bodies were 
analyzed, (B) followed by their respective body segments as described in Fig. 1, 
and (C) the organs within the gaster once the inhibition was determined to reside 
primarily within that body segment
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Figure 2-3 Percentage of samples testing positive for A. pisum using extractions of ants spiked with target prey (A. pisum) 
DNA. The total number of samples testing positive is given before the bracketed total number of samples tested at the 
base of each column.
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Figure 2-4 Results of the T. caespitum feeding trial. Closed dots represent the percentage of samples at each time point 
(0–24 h) testing positive for A. pisum DNA. Dashed lines represent the upper and lower 95% confidence intervals 
Copyright © Hannah Joy Penn 2016
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Chapter 3  DETECTION OF DNA IN APHID HONEYDEW: A SOURCE OF 
ERROR FOR MOLECULAR GUT CONTENT ANALYSIS? 
 
Chapter contents published in Penn, HJ and JD Harwood. 2016. Detection of 
DNA in aphid honeydew: A source of error for molecular gut content analysis? 
Journal of the Kansas Entomological Society, 89(1), 85-91. 
 
3.1 Summary 
Aphids (Hemiptera: Aphididae) are pests of a vast array of crops globally, 
contributing to significant yield loss annually. Biological control, utilizing natural 
enemies to suppress focal pest species, has often been integrated into aphid 
management practices. To ensure that arthropod predators are consuming the 
target aphid, and ultimately have an impact on pest population dynamics, it is 
important to gather information on consumption patterns in space and time. 
Molecular gut content analysis can be used to assess the strength of trophic 
linkages between predators and prey by detecting the presence of species-
specific DNA (including aphid DNA) in their gut. However, many generalist 
predators readily consume aphid honeydew as an additional nutritive resource 
beyond direct consumption of prey. This raises the important question of whether 
aphid honeydew is responsible for false-positive predation events being recorded 
using DNA-based gut content analysis, should honeydew contain detectable 
quantities of aphid DNA. To evaluate this potential source of error, we examined 
honeydew of three species of aphids, Acyrthosiphon pisum, Sitobion avenae, 
and Rhopalosiphum padi, for aphid DNA using standard gut content analysis 
methods. After extensive testing, we revealed that aphid honeydew did not 
contain any detectable aphid DNA for any of the species, nor did honeydew 
inhibit the amplification of aphid DNA in positive control experiments. These data 
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indicate that aphid predation rates previously reported are not influenced by 
direct consumption of honeydew. This study, therefore, shows that using DNA-
based gut content analysis is a reliable method to measure aphid predation in the 
field, even when predators are exposed to and consume, honeydew. 
 
3.2 Introduction 
Over one-hundred aphid (Hemiptera: Aphididae) species are considered 
to be important crop pests (Blackman and Eastop 2007), attacking every major 
crop worldwide (Peters et al. 1990). Extensive damage results from aphid 
feeding (Kieckhefer and Kantack 1988, Quisenberry and Ni 2007), honeydew-
induced sooty mold (Reynolds 1999), and the vectoring of plant disease (Katis et 
al. 2007). This accounts for extensive yield loss with significant implications for 
growers (Brewer and Elliott 2004, Kim et al. 2008), making control measures 
critical for financial viability of crop production. Chemical controls have been used 
to manage aphid pests, but are considered unsustainable due to the creation of 
resistant aphid populations (Foster et al. 2007) and inefficiencies when dealing 
with aphid-vectored virus damage (Dedryver et al. 2010).  One alternative, or 
complementary, approach for management of aphids is biological control 
whereby pest populations are maintained below an economic threshold, utilizing 
arthropod natural enemies that have been introduced or augmented into the 
surrounding environment through conservation management (Symondson et al. 
2002, Dedryver et al. 2010).  
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Biological control is commonly used in agricultural settings where aphid 
populations are problematic. For instance, the release of generalist predators 
and parasitoids can control green peach aphid (Myzus persicae (Sulzer) 
(Hemiptera: Aphididae)) (Messelink et al. 2013), and the cereal aphids 
Rhopalosiphum padi (L.) (Hemiptera: Aphididae), Sitobion avenae (Fabricius) 
(Hemiptera: Aphididae), and Metopolophium dirhodum (Walker) (Hemiptera: 
Aphididae) (Sigsgaard 2000). Furthermore, crop yields have increased in 
response to biological control of aphids by predators (Östman et al. 2003), but 
there is considerable variation in the effectiveness of predator-mediated control 
of aphid populations (Dedryver et al. 2010). Such variability raises the important 
question of monitoring the consumption habits of predators to enable accurate 
estimation of likely effectiveness of different parts of the predator community. 
Predation events are frequently documented through molecular gut 
content analysis, where the presence of prey-specific DNA is identified following 
consumption in the field (Symondson 2002, King et al. 2008, Furlong 2015). This 
method has been applied to characterize the feeding habits of generalist 
predators, including consumption of aphid pests (Chen et al. 2000, Harwood and 
Obrycki 2005a, Harwood et al. 2007, Boreau de Roincé et al. 2013, Gomez‐Polo 
et al. 2014, Rondoni et al. 2014, Choate and Lundgren 2015). In many instances, 
the interactions suggest dietary selection by predators that can be advantageous 
for biological control. Furthermore, the breadth of published studies indicates the 
ubiquity of testing predator gut contents for aphid DNA in many different cropping 
systems.  
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Generalist predators are widely reported as consuming the sugar and 
amino acid-filled aphid honeydew (Canard 2001, Offenberg 2001), which is 
readily available from the producers directly or from the environment around 
producers (Lundgren 2009). Predatory arthropods that consume the honeydew 
by-products of hemipterans may gain added nutritional benefit when fed a 
combination of prey items and honeydew or similar sugar solutions (Evans 2000, 
Hogervorst et al. 2007, Gibb and Johansson 2010, Pfannenstiel and Patt 2012, 
Pfannenstiel 2015). This indicates that predators studied using molecular gut 
content analysis have a high likelihood of consuming both the target species and 
hemipteran-provided honeydew, posing the risk that gut contents screen positive 
for aphid DNA when only honeydew was consumed. This is a particular concern 
given that aphid and whitefly honeydew can contain viral and bacterial DNA (Hu 
et al. 1996, Thompson et al. 2003, Leroy et al. 2011, Roopa et al. 2014) and 
could also include aphid DNA. Sint et al. (2015) revealed that DNA from spider 
feces contains both spider and prey DNA, indicating that arthropod bodily 
secretions often contain enough DNA to be recognized using standard molecular 
techniques. Aphid DNA in honeydew, if present and amplified using standard 
molecular gut content analysis techniques, could result in less defined trophic 
networks within crop fields and communities where aphid predation is being 
assessed. The presence of aphid DNA from honeydew consumption would also 
indicate that consumption patterns by generalist predators are skewed, with 
predation events likely to be overestimated. The goal of this study was to 
determine if aphid DNA is detectible in aphid honeydew using methods common 
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to molecular gut content analysis. Based on the abovementioned references that 
suggest DNA is present in honeydew, we hypothesize that aphid honeydew, 
without any aphid body part present, will contain aphid DNA resulting in positively 
skewed predation data. 
 
3.3 Materials and Methods 
3.3.1 Insects 
Sitobion avenae (Fabricius) (Hemiptera: Aphididae) and Rhopalosiphum 
padi (L.) (Hemiptera: Aphididae) were collected from winter wheat fields at the 
University of Kentucky Research and Education Center in Princeton, Kentucky, 
USA (GPS Coordinates: 37° 6' 4" N, 87° 51' 11" W). Colonies were maintained in 
the greenhouse on Pembroke variety soft red winter wheat (Triticum aestivum L. 
(Poales: Poaceae)) (Clemons Ag Supply, Springfield, Kentucky, USA) under 
controlled conditions (described below). Acyrthosiphon pisum (Harris) 
(Hemiptera: Aphididae) were collected from colonies already established on Red 
Mammoth Clover (Trifolium pratense L. (Fabales: Fabaceae)) (Johnny’s Selected 
Seed, Winslow, Maine, USA) in the lab. All colonies were maintained under 
controlled conditions of 25 ± 1 °C, 16: 8 L:D cycle and 65 ± 5% RH. Each aphid 
species had three actively maintained colonies; each consisted of six potted host 
plants within a 60 × 60 × 60 cm Bug Dorm cage (Megaview Science, Taichung, 
Taiwan). 
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3.3.2 Honeydew Collection 
Honeydew was collected via two substrates: Kim Wipes (Kimberly-Clark 
Professional, Roswell, Georgia, USA) and host leaves of either winter wheat or 
clover depending on the species of aphid. For the Kim Wipe substrate, UV-
sterilized Kim Wipe papers (6.5 cm²) were placed into UV-sterilized plastic petri 
dishes (8.5 cm diameter × 1.5 cm deep). Twenty aphids were transferred via soft-
bristled paint brush (sterilized with deionized water, 95% EtOH, and DNA Away 
wash (Molecular Bioproducts, Inc, San Diego, California, USA)) into the petri dish 
containing the sterilized Kim Wipe. After one hour, the aphids were carefully 
removed and the Kim Wipe examined for aphid body parts (removed if found), 
transferred into an autoclaved and UV-sterilized 1.5 ml microcentrifuge tube, and 
the DNA extracted immediately (see protocol below). For the host-plant leaf 
substrate, leaves of the honeydew-covered host plants were selected (i.e. leaves 
with visible signs of sticky droplets and residue) from laboratory colonies. Ten 
leaves per colony (n = 3 per species) were removed, honeydew-covered areas 
excised using UV-sterilized scissors and DNA was extracted immediately 
(protocol below). Ten replicates using each substrate were completed for three 
different colonies of each aphid species (n = 30 per substrate/species). Negative 
controls consisted of extracted substrates not previously exposed to aphids. 
Positive controls included six aphid legs, one small aphid, one large aphid, and 
five large aphids of each species (n = 2 per control type / species). Additional 
positive controls included extraction of six aphid legs of each species in the 
presence of each substrate without honeydew (n = 6 per substrate type / 
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species) and in the presence of each substrate with honeydew produced by the 
same species as the legs (n = 2 per substrate type / species). 
 
3.3.3 DNA Extraction and PCR Protocols 
The abovementioned samples were immediately homogenized in 180 µL 
of tissue lysis buffer and samples containing substrates were crushed during this 
step using a micro pestle (Sigma-Aldrich, St. Louis, Missouri, USA). The total 
DNA was extracted from all samples using Qiagen DNeasy Blood and Tissue 
Kits© (Qiagen Inc., Valencia, California, USA) following standard animal tissue 
protocols. DNA was stored in clean 1.5 mL microcentrifuge tubes at -20°C until 
PCR analysis. 
The total DNA in all samples was amplified with general COI primers 
(mlCOlintF and jgHCO2198) (Leray et al. 2013). Samples that yielded positive 
bands within the treatment and controls using the general COI primers were 
subjected to amplification with species specific primers – S. avenae (EgaCOIIF2 
and EgaCOIIR) (Chen et al. 2000), R. padi (BcoaCOIIF4 and BcoaCOIIR2) 
(Chen et al. 2000), and A. pisum (Apisum-219-F and Apisum-428-R) (Penn et al. 
2016).  
All PCR reactions (12.5 µL) consisted of 1X Takara buffer (Takara Bio 
Inc., Shiga, Japan), 0.2 mM of each dNTP, 0.2 mM of each primer, 1.25 U 
Takara Ex TaqTM and template DNA (1 µL of total DNA). PCR reactions were 
carried out using Bio-Rad PTC-200 and C1000 thermal cyclers (Bio-Rad 
Laboratories, Hercules, California, USA). The PCR cycling protocol for the 
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general COI primer pair was 94 °C for 1 minute followed by 25 cycles of 95 °C for 
10 s, 46 °C for 30 s, and 72 °C for 60 s. The PCR cycling protocol for the S. 
avenae primer pair was 94 °C for 1 minute followed by 40 cycles of 94 °C for 30 
s, 56 °C for 30 s, and 72 °C for 45 s. The cycling protocol for R. padi primer pair 
only differed from the S. avenae pair with an annealing temperature of 55 °C. 
The PCR cycling protocol for the A. pisum primer pair was 94 °C for 1 minute 
followed by 40 cycles of 94 °C for 45 s, 63 °C for 45 s, and 72 °C for 30 s. 
Following amplification, the bands for all primers were visualized on 2% SeaKem 
agarose (Lonza, Rockland, Maine, USA). Each PCR reaction contained one 
positive and one negative control to determine success.  
 
3.4 Results 
No evidence was found to indicate that aphid honeydew from any of the 
three species contained detectable quantities of aphid DNA using the 
abovementioned extraction protocol (Figure 3-1). All substrate negative controls 
exhibited no DNA amplification using general COI or species-specific primers. 
We also revealed that neither aphid honeydew, the substrate used (Kim Wipes 
and leaf material), or the combination thereof prevented the extraction of aphid 
DNA from specimens, with all extracted positive control samples exhibiting 100% 
amplification success using general COI primers and species-specific aphid 
primers. The treatment type combinations (positive controls, negative controls, 
and honeydew treatments) were perfect predictors of PCR outcomes (100%, 0%, 
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and 100% aphid-DNA amplification success respectively), therefore, no statistical 
analyses were necessary. 
 
3.5 Discussion 
There was no evidence gathered to suggest that honeydew from the three 
species tested contained detectable quantities of aphid DNA. Furthermore, no 
differences were observed between the three aphid species for any treatment 
type despite the inherent variation of body size and quantity of honeydew 
produced. One possible explanation for the lack of aphid DNA in the honeydew is 
the extensive filtration systems with which aphids process the sugar-rich 
honeydew (Douglas 2003). Alternatively, trace amounts of DNA could be present 
but require finer methods of extraction and amplification since bacterial and viral 
DNA has been obtained from honeydew (Leroy et al. 2011, Roopa et al. 2014). 
These data indicate that consumption of aphid honeydew by generalist predators 
will not incorrectly ascribe a predation event using molecular gut content 
analysis, thereby rejecting our original hypothesis. 
Additionally, the presence of aphid honeydew did not hinder the 
amplification of aphid DNA, indicating that honeydew is not a PCR inhibitor. This 
is further substantiated by several studies where whole aphids were consumed 
by predators and those predators tested positive for aphid DNA, even though 
aphid bodies contain honeydew that has yet to be excreted (Greenstone and 
Shufran 2003, Traugott et al. 2012, Chapman et al. 2013). Our study, in addition 
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to this previously published research, confirms that aphid honeydew does not 
create false negatives in a DNA-based molecular gut content system. 
Given the ubiquity of aphids and other honeydew-producing hemipterans 
within agroecosystems, it is common for generalist predators, including those 
providing valuable biological control services, to encounter and/or consume 
honeydew directly from the producer or the environment (Lundgren 2009). 
Although honeydew consumption by predators could be pervasive, our data 
indicate that aphid honeydew from three species did not interfere with molecular 
gut content analysis (false positive or negative) using standard DNA extraction 
methods. It can be concluded, therefore, that honeydew does not interfere with 
these approaches for field-based analysis of aphid predation and, potentially, 
other honeydew-producing hemipterans.  
 
 
 
4
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Figure 3-1 Depicts the percentage of samples testing positive for aphid species-specific DNA for each aphid species 
individually. “KW” represents Kim Wipe. Treatments including “Bodies” are pooled positive controls, “KW” and “Leaf” 
treatments are negative controls, and treatments containing “Honeydew” are samples containing only substrate material 
and honeydew. No variation was found within treatment types, therefore, no errors are included. (A) Percentage of 
Sitobion avenae samples testing positive for DNA using species-specific primers. (B) Percentage of Rhopalosiphum padi 
samples testing positive for DNA using species-specific primers. (C) Percentage of Acyrthosiphon pisum samples testing 
positive for DNA using species-specific primers. 
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Chapter 4 LAND COVER DIVERSITY INCREASES ANT SPATIAL 
AGGREGATION TO PREY AND CONSUMPTION  
 
Chapter contents prepared for publication in Penn, HJ, KJ Athey, and BD Lee. 
Land cover diversity increases predator spatial aggregation to prey and 
consumption. Ecology Letters. 
 
4.1 Summary 
Increasing plant diversity within agroecosystems is purported to increase 
arthropod diversity and is dependent on land cover and fragmentation. Ants, 
important providers of ecosystem services such as biocontrol, are vital to 
consider as they are susceptible to landscape-level changes. We determined the 
relationship between land cover diversity and fragmentation on the within field 
spatial associations of ants to pests as well as resulting predation events by 
combining mapping and molecular tools. We found that increased land cover 
diversity and decreased fragmentation increased ant abundance, spatial 
associations to pests, and resulting predation. Specific land covers influenced ant 
and pest abundance and diversity more at the smaller scale, indicating that land 
use close to fields is of greater importance to biocontrol. These results indicate 
that geospatial techniques and molecular gut content analysis can be 
successfully combined to determine that land use impacts arthropod predator 
communities and the resulting predation events in agroecosystems. 
 
4.2 Introduction 
As agroecosystems encompass large portions of the terrestrial surface of 
Earth it is important to consider how landscapes in and around this habitat 
influence the productivity of crops and the flora and fauna living therein (Duelli 
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1990, Forman 1995). Landscape alteration, through a combination of overall loss 
of non-crop habitat and an increase in habitat fragmentation, has impacted 
overall biodiversity by inducing local extinction (Wiens and Milne 1989, Golden 
and Crist 2000, Steffan-Dewenter et al. 2002, Fahrig 2003, Gove et al. 2009). 
Intensified agroecosystems, subjected to influence by landscape alteration 
(Chapin III et al. 2000), can, therefore, be thought of as relatively poor habitats to 
maintain local diversity (Altieri 1999) even though they provide plentiful resources 
for specific pest species (O'Rourke et al. 2011).  
In these systems, the surrounding non-agricultural land becomes an 
important resource for beneficial species living in and adjacent to crops (Dyer 
and Landis 1997) as well as the crops themselves by sustaining beneficial 
species providing necessary ecosystem services such as pollination, soil 
aeration, and pest suppression (Thomas et al. 1991, Weibull et al. 2000). 
Landscape properties have a particularly large impact on pest suppression or 
biocontrol provided by arthropod predators (Madsen et al. 2004), the average 
value of which is an estimated $8 billion annually in the US (Isaacs et al. 2009). 
To manage pest populations via biocontrol by enacting large-scale landscape 
management practices (Zhang et al. 2007, Rusch et al. 2016), spatial scale is 
particularly important (Fahrig and Jonsen 1998, Steffan-Dewenter et al. 2002, 
Frank et al. 2011) as landscape management to supplement biocontrol involves 
the manipulation of on-farm land and the surrounding landscapes (Landis et al. 
2000, Gabriel et al. 2006). Environmental supports provided through landscape-
level enhancement of non-agricultural lands increase predator populations by 
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providing refuge from crop management-induced disturbances (Finke and 
Snyder 2010). Additionally, these non-crop areas can bolster predator 
populations by providing alternative prey items and plant-based food resources, 
thus allowing predators to live longer with higher fecundity (Landis et al. 2000, 
Woinarski et al. 2002). The more that is known about how land cover diversity 
and fragmentation impact predator abundance and diet in agricultural areas, the 
more likely biocontrol can be effectively implemented (Simpson et al. 2011). 
Landscape diversity, both in terms of cover composition and configuration 
or fragmentation (Fahrig et al. 2011), aids in biocontrol by alleviating the pressure 
monocultures put on predator populations (Grez et al. 2014) and by decreasing 
the overall use of pesticides (Meehan et al. 2011). Altieri (1999) noted that high 
crop diversity and mixing crops in time and space is important to maintain low 
pest population, and this was best achieved with small plots of crops intermingled 
with uncultivated lands because these areas maintain predators within disturbed 
fields (Rodenhouse et al. 1992, Benton et al. 2003). In addition to predator 
abundance, the efficiency of prey-capture rates was found to be associated with 
habitat changes (Macfadyen et al. 2011), indicating that land cover and 
fragmentation changes influence not only the abundance of predators and pests 
but also their interactions in space and time.  
Using ants (Hymenoptera: Formicidae), important predators in 
agroecosystems and indicators of ecosystem health (Campbell 1990, Perfecto 
1991, Paulson and Akre 1992, Zenger and Gibb 2001a, Del Toro et al. 2012), as 
focal predators, we wanted to answer four questions. One, does an increased 
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landscape (cover composition) diversity and decreased fragmentation provide a 
corresponding increase in within crop ant abundance and diversity? Within this 
context, does the scale at which the landscape is analyzed important? Second, 
does an increase in land cover diversity and ant abundance and diversity result 
in more within field aggregations of ants to soybean arthropod pests? And, 
finally, do these aspects of landscape diversity, ant populations, and spatial 
associations of ants to pests result in an increase in actual ant predation of 
selected soybean pests? By combining geospatial and molecular techniques, we 
expected that increased land cover diversity and decreased overall fragmentation 
will increase the predator abundance and subsequent spatial overlap and 
predation events within the cropping system as ant foraging patterns are 
temporally and spatially variable (Cushman and Whitham 1991, Lee et al. 2011). 
 
4.3 Materials and Methods 
4.3.1 Study Sites and Sample Collection 
Fields (n = 23) with availability dictated by grower participation were 
sampled repeatedly during the growing seasons of 2012 - 2014 in 
western/central Kentucky. Soybean fields were planted in late May to early June 
with minimal to no-tillage regimes, no irrigation, and managed by growers under 
an annual three crop rotation with corn and winter wheat (Skillman 2001). To 
estimate ant and soybean pest communities and associated predation events, 
several collection methods (n = 1282 total; pitfall traps, sweep-net, and hand 
samples) were used, with counts combined posthoc  to ensure a complete 
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picture of the arthropod community (Lang 2000). Non-baited pitfall traps (dia. 9.5 
cm, depth 12 cm) with rain guards and containing ethylene glycol for specimen 
preservation were placed in a grid pattern (9-16 locations based on field 
dimensions) between crop rows starting in the outermost row of every field. 
Collections at each site occurred over 24 hours, once per month from June to 
August. At each pitfall location, both sweep-net (ten figure eights) and hand 
samples (1 m2 quadrats over a period of two minutes) were conducted. 
Specimens were separated in the field with a pooter into individual 1.5 mL 
centrifuge tubes containing 95% ethanol and stored at -20ºC. Ants and pests 
were identified to species, and all other arthropods identified to order or family 
when possible (AAS 2005, Coovert 2005, Johnson et al. 2015); Shannon 
diversity index was calculated for both communities per sample location within a 
field (Magurran 1988).  
 
4.3.2 Landscape Analysis 
Landscape factors were determined using geospatial data gathered in the 
field using a handheld GPS unit (Magellan eXplorist 610, MiTAC, Santa Clara, 
California, U.S.A.). The Crop Data Layer in WGS84 projection (USDA NASS 
2012-2014) was obtained for the entire Commonwealth of Kentucky for each 
year of the study. Using ArcGIS desktop v.10.0.sp.5 (Esri, Redlands, California, 
U.S.A.), maps of all field sites by year were paired with the corresponding crop 
data layer with 0.5 km (small scale) and 3.0 km (large scale) circular buffers 
established around each site to approximate the dispersal distance range for 
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ants after mating flights (Dauber and Wolters 2005). The land cover within these 
buffers was exported in metric units to Fragstats 4.0 (McGarigal et al. 2012) for 
analysis of both landscape and class features (Table 4-1) using no specified 
sampling strategy and an 8-celled neighbor rule. The landscape-level metrics 
were determined for each site/buffer combination and included total edge length 
(TE) and Simpson’s diversity index (SIDI) (Li et al. 2001, Yeh and Huang 2009, 
Malaviya et al. 2010). The class-level metrics obtained included percentage of 
the landscape (PLAND) and average patch clumpiness (CLUMPY). PLAND, TE, 
and CLUMPY represent the fragmentation of the landscape where fragmentation 
increases if PLAND and CLUMPY decrease but TE increases (Di Orio et al. 
2005, Midha and Mathur 2010). 
 
4.3.3 Spatial Aggregation Analysis 
Within field spatial distributions of both ant and pest communities were 
analyzed using Spatial Analysis by Distance IndicEs (SADIE) (Perry 1995, Perry 
et al. 1999, Winder et al. 2001, Perry and Dixon 2002, Perry et al. 2002). These 
data were input into software (SADIEShell 2.0 with QuickSADIE© K.F. Conrad) 
to obtain non-parametric values of aggregation within the field. The ant and pest 
populations were then analyzed in comparison to each other (Windor et al. 2005, 
Holland et al. 2007) using SADIE association analysis (N_AShell 1.0 with 
QuickAssociation 2.0© K.F. Conrad). All output cluster files were mapped using 
Surfer v9.0 (Golden Software, LLC, Golden, Colorado, U.S.A.) for all fields at all 
time periods for ants, pests, and their association.  
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4.3.4 Molecular Gut Content Analysis 
Molecular gut-content analyses, an excellent way to determine trophic 
linkages and underutilized for ant predation (King et al. 2008, Choate and 
Drummond 2011), was completed following collection and identification. Samples 
(n = 684) of the six most abundant ant species were prepared for DNA extraction 
after Penn et al. (2016). Legs were removed from two commonly collected pest 
specimens – the grape colaspis beetle Colaspis brunnea F. (Coleoptera: 
Chrysomelidae) and the green stinkbug Chinavia hilaris (Say) (Hemiptera: 
Pentatomidae). Other species such as the green cloverworm Hypena scabra F. 
(Lepidoptera: Erebidae) and the Japanese beetle Popillia japonica Newman 
(Coleoptera: Scarabaeidae) were non-target tested but did not have reliable COI 
primer locations. Total DNA was extracted from all samples using DNeasy Blood 
and Tissue Kits© (Qiagen Inc., Valencia, California, U.S.A.) following the animal 
tissue protocol.  
To design soybean pest primers, a data matrix was constructed containing 
cytochrome c oxidase subunit I (COI) sequences from pest and ant species 
collected (Genbank accession numbers KX687920-KX687976). DNA was 
amplified from the legs of specimens with the general COI primers LCO-1490 
(Folmer et al. 1994) and HCO-700me (Breton et al. 2006). Polymerase chain 
reactions (PCR) consisted of 0.5 µg/µL bovine serum albumin (New England 
Biolabs, Inc. Ipswich, Massachusetts, USA), 1X Takara buffer (Takara Bio Inc. 
Shiga, Japan), 0.2 mM of each dNTP, 0.2 mM of each primer, 0.625 U Takara Ex 
Taq and template DNA (1 µL of total DNA). PCRs were carried out using a Bio-
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Rad C1000 thermal cycler (Bio-Rad Laboratories, Hercules, California, U.S.A.). 
Reaction success was determined by visualizing bands on a 2% SeaKem 
agarose (Lonza, Rockland, Maine, U.S.A.) gel stained with GelRed nucleic acid 
gel stain (1X; Biotium, Hayward, California, USA). DNA sequencing was 
performed at Beckman Coulter Genomics (Danvers, Massachusetts, U.S.A.). All 
primers were designed with Primer3 (Rozen and Skaletsky 2000) and tested 
against 193 non-target samples to ensure specificity (Table 4-2). No suitable 
primer region was located in COI for C. hilaris and primers were designed using 
the mitochondrial gene, 16S (16Sbr-H (5'- CCG GTC TGA ACT CAG ATC ACG 
T -3') and 16Sar-L (5'- CGC CTG TT ATC AAA AAC AT -3') (Palumi et al. 1991)).  
All ants were tested with pest-specific primers designed herein (Table 
4-3). All reaction conditions were identical to the COI protocol except the PCR 
cycling conditions. For the C. brunnea primers, the protocol was 94 °C for 1 
minute followed by 40 cycles of 94 °C for 45 s, 62 °C for 45 s, and 72 °C for 30 s. 
The protocol for the C. hilaris primers was the same except for an annealing 
temperature of 53 °C. To determine extraction success for those samples not 
testing positive for any tested primers, we utilized general COI primers Jerry 
(Simon et al. 1994) and Ben3R (Villesen et al. 2004b). Reagents were identical 
as above. Any reactions not testing positive with the general COI primers (n = 8) 
were excluded from further analysis.  
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4.3.5 Statistical Analyses 
Statistical analyses at 0.5 and 3.0 km scales were completed in SAS 9.4 
(SAS Institute, Cary, North Carolina) where all regressions included a factor for 
field and repeated measures in addition to abiotic variables (average temperature 
and wind speed) from the USDA Kentucky Weekly Crop Report (2012-2014). We 
determined the interactions of ant and pest abundance and diversity in relation to 
land cover using PROC GENMOD with a negative binomial distribution against 
the landscape data in stages – landscape and general class-level and specific 
cover type PLANDs (Jonsen and Fahrig 1997, Campbell 2015). To establish the 
connections between within field spatial aggregation and land use, the binary 
(Significant spatial association? Yes/No) ant, pest, and ant to pest SADIEs were 
analyzed using PROC LOGISTIC with a binomial distribution with variables 
including the above landscape variables and ant and pest variables. Due to 
limited degrees of freedom, the SADIE, and association regressions were run 
with landscape, class, and community variables but not specific class PLANDs 
as the maximum likelihood estimate did not exist when these variables were 
included in the model. To determine the relationship between predation and land 
cover and SADIE variables, binary PCR outcomes were analyzed with PROC 
LOGISTIC with a binomial distribution against SADIE, landscape, and ant and 
pest community data.  
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4.4 Results 
4.4.1 Landscape Analysis 
The landscape matrix surrounding the fields had varied cover composition 
(Figure 4-1). Out of a possible 133 cover type categories, 0.5 km buffers had a 
mean of 7.40 types while 3.0 km buffers had a mean of 14.22 types (Figure 4-2). 
The most commonly observed cover types (presence/absence not area) at both 
scales for all fields were open water and soybean while the least common were 
clover/wildflower, double-cropped corn/soybean, oat, popcorn, and walnut. In 
terms of the average area around each field, grass/pasture, deciduous forest, 
and corn dominated the landscapes when they were present. Each cover type 
was observed on average in the 0.5 km buffers of 6.26 fields and in the 3.0 km 
buffers of 12.3 fields.  
As land cover fragmentation (CLUMPY) decreased, ant abundance 
increased (0.5 km: χ² = 8.91, P < 0.01; 3.0 km: χ² = 14.67, P < 0.01) though ant 
diversity appeared relatively unaffected (0.5 km: χ² = 3.89, P = 0.05; 3.0 km: χ² = 
0.38, P = 0.54) (Figure 4-3). Ant and pest diversity was not influenced directly by 
the general landscape metrics; however, pest abundance (Avg. PLAND, 0.5 km: 
χ² = 19.41, P < 0.01; 3.0 km: χ² = 4.20, P = 0.04; Avg. CLUMPY, 0.5 km: χ² = 
5.59, P = 0.02; 3.0 km: χ² = 0.01, P = 0.94) was significantly correlated with the 
same fragmentation metrics as ant abundance (Avg. PLAND, 0.5 km: χ² = 13.49, 
P < 0.01; 3.0 km: χ² = 11.10, P < 0.01). Both ant and pest communities were 
dependent upon scale (Table 4-4, Table 4-5), where decreased scale size 
resulted in greater impacts of landscape variables on abundance and diversity.  
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Scale played an important role in how specific land cover types interacted 
with diversity and abundance of both ants and pests (Table 4-6, Table 4-7). The 
smaller scale was more influential (i.e. more land covers had significant 
correlations) on diversity rather than the abundance of ants (2288, 3917 AICc, 
respectively) and pests (1471, 4427 AICc, respectively). The same was true at 
the larger scale – land covers were more likely to be associated with ant (2272, 
3866 AICc, respectively) and pest (1463, 4370 AICc, respectively) diversity 
rather than abundance. Additionally, more cover types were responsible for 
significant associations with either ant or pest communities at the small scale 
than at the large. For instance, at the small scale, 9 of 15 cover types were 
significantly correlated with ant and pest abundance, only five of which 
overlapped between ants and pests. Of these five, four overlapped with the same 
interaction direction (i.e. parameter estimate sign), and only one had the opposite 
(for instance, some covers increased ant and decreased pest abundance). 
However, this trend diminished at the 3.0 km scale with 14 of 21 cover types in 
the regression significantly influencing either ant or pest abundance, only three 
were significant for both ants and pests and had opposite interactions each time. 
When cover types were analyzed in relation to the diversity of ants and pests, a 
similar trend was found. At the small scale, of the15 covers possible, only seven 
and four had significant impacts on ant and pest diversity respectively, with no 
overlap between communities. Again, the impact of specific land use PLANDs 
was not as strong at the 3.0 km scale where three variables were correlated with 
ants and none with pests. 
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In general, cover types that had significant correlations with the respective 
communities had similar influences on ant and pest abundance and diversity at 
the smaller scale, but opposite influences at the larger scale. At the small scale, 
deciduous forest (ant: χ² = 7.66, P < 0.01; pest: χ² = 19.83, P < 0.01), developed 
land (ant: χ² = 10.66, P < 0.01; pest: χ² = 37.61, P < 0.01), and soybean (ant: χ² = 
17.31, P < 0.01; pest: χ² = 24.66, P < 0.01) had significant negative interactions 
with both ant and pest abundance and open water positively influenced ant but 
not pest abundance (ant: χ² = 4.82, P = 0.03; pest: χ² = 15.91, P < 0.01). At the 
large scale, developed (ant: χ² = 14.49, P < 0.01; pest: χ² = 3.78, P = 0.05) and 
non-alfalfa hay (ant: χ² = 18.52, P < 0.01; pest: χ² = 4.41, P = 0.04) increased ant 
while decreasing pest abundance. The only exception to this, was an increased 
presence of sod/grass seed in the larger landscape significantly increased pest 
and decreased ant abundance (ant: χ² = 6.51, P = 0.01; pest: χ² = 6.05, P = 
0.01).  
 
4.4.2 Spatial Aggregation Analysis 
 The SADIE data showed a field effect on the likelihood that ants and pests 
were spatially aggregated within their respective communities (Table 4-8, Table 
4-9); for most fields, this association was not time dependent.  Of the 23 fields 
tested, eight had significant aggregations of ants and, six had significant 
aggregations of pests. When the spatial association was measured per each time 
period between the ant and pest communities, five of the fields were significantly 
aggregated (Figure 4-4) while no fields contained communities that actively 
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avoided each other (Table 4-10, Table 4-11). When the SADIE associations of 
ant and pest were analyzed in relation to landscape and community composition 
metrics, several influences were determined. Increased land cover diversity 
(SIDI, 0.5 km: χ² = 102.71, P < 0.01; 3.0 km: χ² = 0.10, P = 0.75) increased the 
likelihood of ant aggregations at only the smaller scale. Ant within field 
aggregations were significantly positively associated with increases in ant 
diversity (0.5 km: χ² = 5.50, P = 0.02; 3.0 km: χ² = 12.76, P < 0.01). Pest 
aggregations were more likely to occur with decreased fragmentation (PLAND, 
0.5 km: χ² = 49.26, P < 0.01; 3.0 km: χ² = 31.05, P < 0.01; TE, 0.5 km: χ² = 
132.46, P < 0.01; 3.0 km: χ² = 28.87, P < 0.01; CLUMPY, 0.5 km: χ² = 6.34, P = 
0.01; 3.0 km: χ² = 101.21, P < 0.01) and decreased land cover diversity (0.5 km: 
χ² = 157.73, P < 0.01; 3.0 km: χ² = 0.58, P = 0.56) . Pest aggregations were also 
positively associated with the presence of ant aggregations (0.5 km: χ² = 148.43, 
P < 0.01; 3.0 km: χ² = 133.80, P < 0.01) but were negatively impacted by an 
increase in ant abundance (0.5 km: χ² = 4.29, P = 0.04; 3.0 km: χ² = 5.66, P = 
0.02). When the spatial association of ants to pests was determined, decreased 
fragmentation ( PLAND, 0.5 km: χ² = 57.11, P < 0.01; 3.0 km: χ² = 23.87, P < 
0.01; TE, 0.5 km: χ² = 52.21, P < 0.01; 3.0 km: χ² = 12.63, P < 0.01; CLUMPY, 
0.5 km: χ² = 42.48, P < 0.01; 3.0 km: χ² = 108.86, P < 0.01) and increased land 
cover diversity (0.5 km: χ² = 21.24, P < 0.01; 3.0 km: χ² = 67.73, P < 0.01) 
increased the likelihood of positive spatial associations (Table 4-11). However, 
the intensity and/or direction of these associations, particularly land cover 
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diversity (SIDI) changed at the 3.0 km scale, with increases in SIDI decreasing 
the likelihood of aggregation of ants to pests (Figure 4-5). 
 
4.4.3 Molecular Gut Content Analysis 
The designed pest primers did not amplify any of the target ant species 
nor any other specimens during non-target testing and amplified their respective 
species’ DNA with 100% success (Table 4-2). Of the six most abundant of the 35 
field-collected ant species (Lasius neoniger Emery, Monomorium minimum 
Buckley, Pheidole tysoni Forel, Solenopsis molesta Say, Tapinoma sessile (Say), 
Tetramorium caespitum (Linnaeus)), L. neoniger, P. tysoni, and S. molesta 
tested positive for any pest DNA. L. neoniger was found positive for C. brunnea 
(13.4%) and H. scabra (2.9%). P. tysoni (36.8%) and S. molesta (13.8%) both 
only tested positive for H. scabra; no ant species tested positive for C. hilaris 
(Table 4-12). When compared with SADIE association data, we found that 5 of 
the 5 fields with significant spatial associations of ants to pests also contained at 
least one ant testing positive for the target pests (Table 4-13).  
The number of ants testing positive for pest DNA, was compared with 
landscape and community composition metrics. Increased land cover diversity at 
both scales increased the likelihood of a positive gut content (0.5 km: χ² = 42.43, 
P < 0.01; 3.0 km: χ² = 6.81, P = 0.01) while the alternative was found to be true 
for decreases in fragmentation (PLAND, 0.5 km: χ² = 51.18, P < 0.01; 3.0 km: χ² 
= 4.51, P = 0.03; TE, 0.5 km: χ² = 93.91, P < 0.01; 3.0 km: χ² = 18.82, P < 0.01; 
P = 0.04; CLUMPY, 0.5 km: χ² = 81.17, P < 0.01; 3.0 km: χ² = 4.92, P = 0.03).  
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An increase in ant diversity indicated an increase in ant predation but only at the 
smaller scale (0.5 km: χ² = 3.45, P = 0.06; 3.0 km: χ² = 6.17, P = 0.01). The 
increased occurrence of spatial aggregation of ants to pests at both scales was 
found to significantly increase the likelihood of positive gut contents (0.5 km: χ² = 
74.23, P < 0.01; 3.0 km: χ² = 58.35, P < 0.01).  
 
4.5 Discussion 
Landscape factors such as cover diversity and fragmentation alter the 
abundance and diversity of different species, particularly arthropod predators 
(Marino and Landis 1996, Gardiner et al. 2009). The ant data support this trend, 
where increased land cover diversity (SIDI) and decreased fragmentation 
(PLAND, TE, and CLUMPY) resulted in greater ant abundance. Ant populations 
were impacted less by landscape factors as scale increased, potentially due to 
the dispersal distances often covered by ants and the supplemental resources 
that areas near the target crop fields provided (Carroll and Janzen 1973, Diaz 
1992, Buczkowski and VanWeelden 2010). Differential land cover (PLANDs) 
interactions with ant and pest populations were also potentially mediated by 
resource provisioning (Holland and Fahrig 2000, Phillips and Gardiner 2016) and 
dispersal (Wratten et al. 2003). Arthropod interactions cover types indicate the 
differential use of patch resources (Lagerlof and Wallin 1993) such as refugia 
(Pfiffner and Luka 2000) and alternative food resources (Tscharntke et al. 2005). 
For instance, “other hay/ non-alfalfa” was positively associated with ant 
abundance while they were negatively association with pest abundance; while 
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sod/grass areas benefitted pests to the detriment of the ant community. Other 
highly disturbed cover types such as pasture, soybean, and tobacco and densely 
wooded covers like deciduous and evergreen forest exerted negative influences 
on both ants and pests. All interactions with cover types were scale dependent in 
direction and magnitude, unsurprising since distance from focal field and area 
within the buffer changed as scale increased. 
The SADIE data revealed that landscape variables interacted oppositely 
with ant and pest communities. When ants and pests are present in large 
quantities in the same field, they are likely to be aggregated to each other within 
that field which is not necessarily usual for generalist predators in 
agroecosystems (Pearce and Zalucki 2005). Decreased fragmentation increased 
the likelihood of pest aggregations within the field, while increased land cover 
diversity increased the likelihood of ant aggregations. SADIE association data 
indicated that ant to pest aggregations are dictated by a combination of land 
cover diversity and fragmentation, unsurprising as these associations relied on 
both ant and pest communities. When the spatial associations of ants to pests 
occurred, it corresponded with ant predation on pest species as indicated by the 
molecular data. These predation events were further influenced by increased ant 
abundance but not diversity as well as decreased fragmentation but not 
increased land cover diversity.  
Predator biodiversity has been thought to increase biological control 
measures as an increase in diversity might be correlated with an increase of 
predator niche-breadth, resulting in greater predation rates (Casula et al. 2006, 
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Finke and Snyder 2010, Crowder and Jabbour 2014). Our study did not uphold 
this hypothesis - increased ant abundance but not diversity resulted in an 
increase in spatial aggregation and predation as indicated by molecular gut 
contents. The data, therefore, support the idea that certain predator species are 
more important to pest predation than biodiversity (Straub and Snyder 2006), 
particularly L. neoniger. Although this ant is known to farm hemipterans 
detrimental to crop systems (Schwartzberg et al. 2010), it is also known to be a 
highly voracious predator (Whitcomb et al. 1972, Zenger and Gibb 2001b). 
Additionally, this species provided added ecosystem services of encouraging soil 
aeration as its colonies are often spread out and peak in size during the middle of 
summer when soil health is important to the crops (Wang et al. 1995).  
 This study indicates that landscape factors such as cover diversity, habitat 
fragmentation, cover classifications, and spatial scale significantly influence 
predator communities in agroecosystems. We found that as land cover diversity 
increased around agroecosystems, so does the ant abundance within that 
agricultural setting; the inverse held true for the combined pest community. 
Additionally, these two communities were influenced by separate land cover 
classifications at the smaller scale, indicating that habitats providing resources to 
ants and pests were distinctly different and distance-dependent. The resulting 
changes in ant abundance correlated with increased spatial aggregation of ant 
communities to each other and to prey items (crop pests) within agroecosystems. 
This information was corroborated by the molecular gut content analysis that 
indicated ants were actively preying upon select pest species in the same fields 
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in which spatial aggregations were occurring. These trends could be used in the 
future to further our understanding of the scope of landscape ecology and how to 
harness the combination of geospatial and molecular methods to measure 
biocontrol for more sustainable agroecosystems. 
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Table 4-1 Landscape attribute abbreviations and definitions used within the landscape analyses component of this study 
(taken from Fragstats Help 4.2. Where the class scale are computed for every class type in the landscape, and landscape 
scale is computed for entire patch mosaics where the resulting output is a single value for each field at each scale. 
 
Abbreviation Scale Used Metric 
Type 
Definition 
SIDI Landscape Diversity Simpson’s Diversity Index, 0 ≤ SIDI ≤ 1, 1 minus the 
sum across all patch types of the proportional 
abundance of each patch type squared. 
PLAND Class Area Percentage of the landscape, 0 ≤ PLAND ≤ 100, 
proportion abundance of each patch type in the 
landscape. This is a measure of landscape 
composition. 
TE Class, 
Landscape 
Area Total edge (m), TE ≥ 0, the sum of the lengths (m) of 
all edge segments involving the corresponding patch 
type. 
CLUMPY Class Aggregation Clumpiness index (percentage), -1 ≤ CLUMPY ≤ 1, the 
proportion deviation of the proportion of like 
adjacencies involving the corresponding class from 
that expected under spatially random distribution. 
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Table 4-2 Non-target species tested for cross-reactivity with the Colaspis 
brunnea (CB348F and CB531R), Chinavia hilaris (AH276F and AH390R), and 
Hypena scabra (HS517F and HS598R) primers designed for this study. 
 
Order Family Species No. 
Tested 
Araneae Linyphiidae Tennesseellum formica 1 
Araneae Salticidae 1 
Araneae Tetragnathidae Glenognatha foxi  1 
Araneae Tetragnathidae 2 
Araneae 
  
9 
Coleoptera Aderidae 
 
1 
Coleoptera Anthicidae 1 
Coleoptera Carabidae 2 
Coleoptera Chrysomelidae Colaspis brunnea 10 
Coleoptera Chrysomelidae Diabrotica undecimpunctata 1 
Coleoptera Chrysomelidae 1 
Coleoptera Coccinellidae Coccinella septempunctata 1 
Coleoptera Coccinellidae Coleomegilla maculata 1 
Coleoptera Coccinellidae Hippodamia convergens 1 
Coleoptera Coccinellidae Scymnus sp. 1 
Coleoptera Coccinellidae 
 
2 
Coleoptera Curculionidae Hypothenemus hampei 1 
Coleoptera Lathridiidae 1 
Coleoptera Meloidae 
 
1 
Coleoptera Melyridae 1 
Coleoptera Scarabaeidae Popillia japonica 10 
Coleoptera Staphylinidae 2 
Diptera Agromyzidae 1 
Diptera Anthomyiidae Delia antiqua 1 
Diptera Anthomyiidae 5 
Diptera Anthomyzidae 1 
Diptera Chironomidae 2 
Diptera Chloropidae Thaumatomyia glabra 1 
Diptera Chloropidae 1 
Diptera Dolichopodidae 2 
Diptera Drosophilidae 5 
Diptera Hybotidae 2 
Diptera Syrphidae 3 
Diptera Tipulidae 
 
1 
Diptera 
  
1 
Gastropoda Polygyridae Mesodon zaletus 1 
Hemiptera Aleyrodidae Bemisia tabaci 1 
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Table 4-2 continued 
Order Family Species No. 
Tested 
Hemiptera Aphididae Brevicoryne brassicae 1 
Hemiptera Aphididae Capitophorus eleagni 1 
Hemiptera Aphididae Hyadaphis pseudo 
brassicae 
1 
Hemiptera Aphididae Myzus persicae 1 
Hemiptera Aphididae 1 
Hemiptera Cicadellidae 2 
Hemiptera Coccidae Coccus hesperidum 1 
Hemiptera Coccidae Eulecanium cerasorum 1 
Hemiptera Coccidae Neolecanium cornuparvum 1 
Hemiptera Coccidae Parthenolecanium quercifex  1 
Hemiptera Coccidae Pseudococcus maritimus 1 
Hemiptera Coccidae Pulvinaria innumerabilis 1 
Hemiptera Cydnidae Sehirus cinctus 1 
Hemiptera Geocoridae 1 
Hemiptera Nabidae 
 
2 
Hemiptera Nabidae 
 
1 
Hemiptera Pentatomidae Euschistus servus  1 
Hemiptera Pentatomidae Nezara viridula 1 
Hemiptera Pentatomidae Oebalus pugnax 1 
Hemiptera Pentatomidae 2 
Hemiptera Psyllidae Psylla pyri 1 
Hemiptera Reduviidae 3 
Hemiptera Rhyparachromidae 1 
Hemiptera Thyreocoridae 1 
Hemiptera Triozidae Bactericera cockerelli 1 
Heterobranchia Discidae Aniguispira alternata 1 
Hymenoptera Argidae 
 
1 
Hymenoptera Bethylidae Prorops nasuta 1 
Hymenoptera Braconidae 4 
Hymenoptera Chalcididae 1 
Hymenoptera Crabronidae 2 
Hymenoptera Eulophidae Phymastichus coffea  1 
Hymenoptera Figitidae 
 
1 
Hymenoptera Formicidae Camponotus floridanus 3 
Hymenoptera Formicidae Lasius neoniger 10 
Hymenoptera Formicidae Monomorium minimum 10 
Hymenoptera Formicidae Solenopsis invicta 3 
Hymenoptera Formicidae Solenopsis molesta 10 
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Table 4-2 continued 
Order Family Species No. Tested 
Hymenoptera Formicidae Tapinoma sessile 6 
Hymenoptera Formicidae Tapinoma sp 1 
Hymenoptera Formicidae Tetramorium caespitum 3 
Hymenoptera Formicidae 1 
Hymenoptera Ichneumonidae 4 
Hymenoptera Pompilidae 1 
Lepidoptera Erebidae Hypena scabra 10 
Lepidoptera Noctuidae 1 
Mantidae 
  
1 
Neuroptera Hemerobiidae 2 
Orthoptera Tettigoniidae 1 
Orthoptera 
 
1 
Primates Hominidae Homo sapiens 1 
Psocoptera 
 
1 
Thysanoptera Phlaeothripidae Karnyothrips flavipes  1 
Thysanoptera Thripidae Frankliniella occidentalis  1 
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Table 4-3 Soybean pest species primers designed for ant molecular gut content testing. 
 
Target Species Primer Name Primer Sequence (5’ to 3’) Size (bp) 
C. brunnea CB348F CAAATTTATAATTCAATCGTAACG 229 
 CB531R CTGTTCATCCAGTTCCTACTCCG  
C. hilaris AH276F AGACCCTATAGAATTTTATTTTAAAG 114 
 AH390R CCTAAAAATAATTATATTTAAACC  
H. scabra HS517F CCCTTCTTTAACCCTTCTAATTTCC 129 
 HS598R GAAAAAATAGCTAAATCTACAGATCT  
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Table 4-4 Parameter estimates from regression results (* indicates P < 0.05) where ant and pest abundance were 
analyzed using PROC GENMOD with a negative binomial distribution against landscape and class metrics, community 
metrics, and abiotic conditions at 0.5km and 3.0km scales with the individual field as a random effect. 
  0.5 KM Buffer  3.0 KM Buffer  
Metric Metric Scale Ants Pests Ants Pests 
Time N/A 0.00 0.00 -0.04 -0.03 
Field Area (Ha) N/A 0.01 0.00 -0.04* 0.01 
Avg. Temp. (C) N/A 0.08* 0.03* 0.05* 0.05* 
Avg. Wind (mph) N/A 0.03 0.01 0.01 0.03 
Ant Abundance N/A  -0.02  -0.01 
Ant Diversity N/A 1.06* -0.16* 1.09* -0.17* 
Pest Abundance N/A -0.02  0.01  
Pest Diversity N/A -0.19 1.74* -0.06 1.73* 
TE Landscape 0.00 0.00 0.01* 0.00 
SIDI Landscape 1.23* 0.33 1.17* -1.72* 
Avg. PLAND Class -0.08* -0.06* 0.25* -0.11* 
Avg. CLUMPY Class 1.04* 0.56* 5.23* -0.06 
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Table 4-5 Parameter estimates from regression results (* indicates P < 0.05) where ant and pest diversity were analyzed 
using PROC GENMOD with a negative binomial distribution against landscape and class metrics, community metrics and 
abiotic conditions at 0.5km and 3.0km scales with the individual field as a random effect. 
  0.5 KM Buffer  3.0 KM Buffer  
Metric Metric Scale Ants Pests Ants Pests 
Time N/A -0.02 0.11 -0.03 0.18* 
Field Area (Ha) N/A 0.00 -0.02 -0.01 0.03* 
Avg. Temp. (C) N/A -0.04* -0.04 -0.04* -0.02 
Avg. Wind (mph) N/A -0.04 -0.05 -0.03 0.00 
Ant Abundance N/A 0.09* -0.05 0.10* -0.05 
Ant Diversity N/A  -0.21*  -0.27* 
Pest Abundance N/A -0.04 0.24* -0.04 0.13* 
Pest Diversity N/A -0.26  -0.25  
TE Landscape 0.00 0.00 0.00 0.00 
SIDI Landscape -0.54 0.89 -0.47 -1.09 
Avg. PLAND Class -0.03 0.01 -0.08 0.46* 
Avg. CLUMPY Class 0.62* 0.32 0.54 4.69* 
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Table 4-6 Regression results (* indicates P < 0.05) where ant and pest abundance were analyzed using PROC GENMOD 
with a negative binomial distribution against individual cover type (USDA-defined categories) PLANDs at 0.5km and 
3.0km scales. Empty cells indicate covers that were not observed in that buffer size. 
 0.5KM  3.0KM  
Cover Type Ants Pests Ants Pests 
Alfalfa -1.01* -0.28 -36.04* 8.71 
Clover/Wildflower 0.00 0.00 -36.09 15.39 
Corn 0.01 0.04* 2.18* -0.49 
Dbl. Crop 
Wheat/Soy 
-0.04* 0.00 -0.58 0.15 
Deciduous Forest -0.12* -0.13* 1.61* -0.30 
Developed -0.09* -0.11* 3.27* -0.99* 
Evergreen Forest 0.39 -0.67 -122.04* 33.49 
Grass/Pasture -0.03* -0.02* 0.66* -0.16 
Herbaceous 
Wetlands 
0.06 0.47* -29.31 17.89 
Oats   6794* -1460 
Open Water 0.48* -0.37* 22.50* -7.66 
Other Hay/ Non-
Alfalfa 
1.19*  4.79* -1.49* 
Popcorn   -10398 4008 
Shrubland 0.86 3.07* 97.87* -28.03 
Sod/Gass   -1091* 409.20* 
Sorghum   -1054* 337.25 
Soybean -0.04* -0.03* 1.25* -0.64* 
Tobacco -10.41* -1.74 64.36* -9.50 
Walnut   -3667 276.90 
Wheat   116.37 -26.52 
Woody Wetlands -0.55 -2.72* 26.64* -7.54 
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Table 4-7 Regression results (* indicates P < 0.05) where ant and pest diversity were analyzed using PROC GENMOD 
with a negative binomial distribution against individual cover type (USDA-defined categories) PLANDs at 0.5km and 
3.0km scales. Empty cells indicate covers that were not observed in that buffer size. 
 0.5KM  3.0KM  
Class Type Ants Pests Ants Pests 
Alfalfa -0.38 -0.10 -21.36* 5.31 
Clover/Wildflower 0.00 0.00 -37.84 1.97 
Corn 0.01 0.05* 1.25 0.00 
Dbl. Crop Wheat/Soy -0.05* 0.01 -0.21 0.01 
Deciduous Forest -0.09* -0.07 0.57 -0.16 
Developed, Medium -0.07* -0.05 1.95 -0.46 
Evergreen Forest 0.13 -2.90* -25.75 27.35 
Grass/Pasture -0.02* 0.00 0.48 -0.01 
Herbaceous 
Wetlands 
-0.08 0.34 -39.92 -7.98 
Oats   4104* -596.03 
Open Water 0.44* -0.28 -2.67 -9.17 
Other Hay/ Non-
Alfalfa 
0.39 0.45 1.40 -1.40 
Popcorn   -11620 -18.01 
Shrubland 1.92 3.82* 44.29 -19.00 
Sod/Gass   -895.83 503.23 
Sorghum   -329.42 224.87 
Soybean -0.03* -0.01 1.46* -0.21 
Tobacco -5.59* -1.87 24.54 -0.74 
Walnut   2973 2224 
Wheat   11.32 -36.64 
Woody Wetlands -0.46 -2.58* 1.62 -6.92 
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Table 4-8 Spatial Analysis by Distance IndicEs (SADIE) results for ant and pest 
communities by field and generalized collection time. P_a indicates the P value 
for overall spatial dispersal, P_vj indicates the P value for positive aggregations/ 
clusters, while P_vi indicates the P value for negative aggregations/gaps. 
  
Ants 
  
Pests 
  
Time Field P_a P_vj P_vi P_a P_vj P_vi 
1 A12 0.333 0.2564 0 0.5897 0.5385 0.0513 
1 A13 0.3367 0.993 0.7558 0.7605 0.6204 0.8208 
1 A14 0.4272 0.901 0.6868 0.2522 0.861 0.8229 
1 B12 0.2564 0.1795 0.1026 0.7179 0.4615 0.5897 
1 B13 NA NA NA 0.764 0.923 0.6296 
1 B14 0.8093 0.922 0.6399 0.052 1.104 0.2214 
1 C12 0.9744 0.8462 0.1538 0.9487 0.8462 0.9744 
1 C13 0.8705 0.867 0.7305 0.538 0.973 0.4853 
1 C14 0.5212 0.981 0.479 0.7795 0.986 0.431 
1 D12 0.9744 0.8718 0.8974 0.9744 0.9744 1 
1 D13 0.2936 1.264 0.0605 0.2631 0.977 0.476 
1 D14 NA NA NA 0.0799 1.118 0.1847 
1 E13 0.8016 0.994 1 0.0618 1.425 0.0741 
1 E14 0.704 0.986 0.4981 0.1988 1.183 0.1133 
1 F13 0.8792 0.9 0.7295 0.3335 0.916 0.6737 
1 F14 0.419 1.016 0.3638 0.3734 0.983 0.4486 
1 G13 0.3367 0.993 0.7558 0.4766 0.991 0.4463 
1 I12 0.2051 0.1795 0.1282 0.7949 0.8205 0.8974 
1 O12 0.2564 0.1282 0.3846 0.7179 0.7179 0.6923 
1 P12 0.9487 0.8974 0.8974 0.8462 0.5897 0.8205 
1 T12 0.6923 0.641 0.1538 0.3333 0.7692 0.3077 
1 U12 0.9231 0.9231 0.4359 0.7692 0.8718 0.8718 
1 V12 0.7179 0.5641 0.6923 0.4103 0.5385 0.6667 
2 A12 0.8718 0.8205 0.9231 0.1538 0.2051 0.2821 
2 A14 0.2572 0.941 0.58 0.2645 0.996 0.4041 
2 B12 0.2821 0.3077 0.359 0.6667 0.5897 0.5128 
2 B14 0.0045 1.213 0.1029 0.0065 1.339 0.0277 
2 C12 0.7436 0.641 0.9487 0.4103 0.3333 0.641 
2 C14 0.6548 0.857 0.883 0.9583 0.803 0.9397 
2 D12 0.0256 0.0256 0.0769 0.7436 0.7949 0.8205 
2 D14 0.0072 1.424 0.0156 0.8384 0.902 0.7438 
2 E14 0.5614 0.912 0.6866 0.9341 0.799 0.94 
2 F14 0.2125 1.045 0.3432 0.9005 0.902 0.7077 
2 I12 0.3846 0.4103 0.5385 0.2564 0.4872 0.1282 
2 O12 0.0256 0.0256 0 0.4615 0.6154 0.641 
2 P12 0.2821 0.4359 0.2051 0.1026 0.1026 0.0256 
 
77 
 
Table 4-8 continued 
  Ants   Pests   
Time Field P_a P_vj P_vi P_a P_vj P_vi 
2 U12 0.1282 0.2051 0.3846 0.3846 0.4872 0.4103 
2 V12 0.2821 0.2308 0.3846 0.5897 0.6667 0.7949 
3 A12 0.7692 0.6154 0.7179 0.1026 0.0769 0.1026 
3 A14 0.3352 0.855 0.8668 0.6657 0.78 0.9683 
3 B14 0.2343 1.112 0.1946 0.7954 1.03 0.3653 
3 C14 0.9824 0.821 0.9678 0.24 1.056 0.2966 
3 D14 0.5401 1.001 0.6301 0.3266 0.965 0.5232 
3 E14 0.4961 1.067 0.0399 0.4138 1.037 0.3189 
3 F14 0.1564 1.08 0.2197 0.0065 1.449 0.0112 
3 U12 0.0769 0.0513 0.1026 0.8205 0.9231 0.8718 
4 A14 0.1666 0.848 0.8731 0.5602 0.355 0.325 
4 B14 0.2381 0.469 0.5098 0.7374 0.797 0.9219 
4 C14 0.2805 0.908 0.7263 0.3104 1.016 0.3694 
4 D14 0.2172 0.967 0.1047 0.3665 0.937 0.604 
4 E14 0.85 0.842 0.9435 0.2921 0.966 0.5219 
4 F14 0.2985 0.984 0.4691 0.1741 1.124 0.1817 
1 A12 0.333 0.2564 0 0.5897 0.5385 0.0513 
1 A13 0.3367 0.993 0.7558 0.7605 0.6204 0.8208 
1 A14 0.4272 0.901 0.6868 0.2522 0.861 0.8229 
1 B12 0.2564 0.1795 0.1026 0.7179 0.4615 0.5897 
1 B13 NA NA NA 0.764 0.923 0.6296 
1 B14 0.8093 0.922 0.6399 0.052 1.104 0.2214 
1 C12 0.9744 0.8462 0.1538 0.9487 0.8462 0.9744 
1 C13 0.8705 0.867 0.7305 0.538 0.973 0.4853 
1 C14 0.5212 0.981 0.479 0.7795 0.986 0.431 
1 D12 0.9744 0.8718 0.8974 0.9744 0.9744 1 
1 D13 0.2936 1.264 0.0605 0.2631 0.977 0.476 
1 D14 NA NA NA 0.0799 1.118 0.1847 
1 E13 0.8016 0.994 1 0.0618 1.425 0.0741 
1 E14 0.704 0.986 0.4981 0.1988 1.183 0.1133 
1 F13 0.8792 0.9 0.7295 0.3335 0.916 0.6737 
1 F14 0.419 1.016 0.3638 0.3734 0.983 0.4486 
1 G13 0.3367 0.993 0.7558 0.4766 0.991 0.4463 
1 I12 0.2051 0.1795 0.1282 0.7949 0.8205 0.8974 
1 O12 0.2564 0.1282 0.3846 0.7179 0.7179 0.6923 
1 P12 0.9487 0.8974 0.8974 0.8462 0.5897 0.8205 
1 T12 0.6923 0.641 0.1538 0.3333 0.7692 0.3077 
1 U12 0.9231 0.9231 0.4359 0.7692 0.8718 0.8718 
1 V12 0.7179 0.5641 0.6923 0.4103 0.5385 0.6667 
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Table 4-8 continued 
  Ants   Pests   
Time Field P_a P_vj P_vi P_a P_vj P_vi 
2 A12 0.8718 0.8205 0.9231 0.1538 0.2051 0.2821 
2 A14 0.2572 0.941 0.58 0.2645 0.996 0.4041 
2 B12 0.2821 0.3077 0.359 0.6667 0.5897 0.5128 
2 B14 0.0045 1.213 0.1029 0.0065 1.339 0.0277 
2 C12 0.7436 0.641 0.9487 0.4103 0.3333 0.641 
2 C14 0.6548 0.857 0.883 0.9583 0.803 0.9397 
2 D12 0.0256 0.0256 0.0769 0.7436 0.7949 0.8205 
2 D14 0.0072 1.424 0.0156 0.8384 0.902 0.7438 
2 E14 0.5614 0.912 0.6866 0.9341 0.799 0.94 
2 F14 0.2125 1.045 0.3432 0.9005 0.902 0.7077 
2 I12 0.3846 0.4103 0.5385 0.2564 0.4872 0.1282 
2 O12 0.0256 0.0256 0 0.4615 0.6154 0.641 
2 P12 0.2821 0.4359 0.2051 0.1026 0.1026 0.0256 
2 U12 0.1282 0.2051 0.3846 0.3846 0.4872 0.4103 
2 V12 0.2821 0.2308 0.3846 0.5897 0.6667 0.7949 
3 A12 0.7692 0.6154 0.7179 0.1026 0.0769 0.1026 
3 A14 0.3352 0.855 0.8668 0.6657 0.78 0.9683 
3 B14 0.2343 1.112 0.1946 0.7954 1.03 0.3653 
3 C14 0.9824 0.821 0.9678 0.24 1.056 0.2966 
3 D14 0.5401 1.001 0.6301 0.3266 0.965 0.5232 
3 E14 0.4961 1.067 0.0399 0.4138 1.037 0.3189 
3 F14 0.1564 1.08 0.2197 0.0065 1.449 0.0112 
3 U12 0.0769 0.0513 0.1026 0.8205 0.9231 0.8718 
4 A14 0.1666 0.848 0.8731 0.5602 0.355 0.325 
4 B14 0.2381 0.469 0.5098 0.7374 0.797 0.9219 
4 C14 0.2805 0.908 0.7263 0.3104 1.016 0.3694 
4 D14 0.2172 0.967 0.1047 0.3665 0.937 0.604 
4 E14 0.85 0.842 0.9435 0.2921 0.966 0.5219 
4 F14 0.2985 0.984 0.4691 0.1741 1.124 0.1817 
 
 
 
7
9
 
Table 4-9 Regression results (* indicates P < 0.05) where ant and pest SADIE (significant spatial trends) were analyzed 
using PROC LOGISTIC regression against landscape and class metrics, community metrics, and abiotic conditions at 
0.5km and 3.0km scales with the individual field as a random effect. 
  0.5 KM Buffer  3.0 KM Buffer  
Metric Metric Scale Ants Pests Ants Pests 
Time N/A 0.46* 0.14 0.00 0.41* 
Field Area (Ha) N/A -0.05* -0.26* -0.21* -0.24* 
Avg. Temp. (C) N/A -0.02 0.05 -0.06* -0.05 
Avg. Wind (mph) N/A -0.38* 0.75* -0.52* 0.40* 
Ant Abundance N/A 0.01 -0.12* -0.02 -0.09* 
Ant Diversity N/A 0.42* -0.14 0.27* 0.16 
Ant SADIE N/A  1.85*  1.57* 
Pest Abundance N/A 0.05 0.06 0.14* 0.01 
Pest Diversity N/A -0.71* 0.22 -0.28 -0.37 
Pest SADIE N/A 1.69*  0.81*  
TE Landscape -0.04* 0.05* 0.00 0.02* 
SIDI Landscape 10.67* -20.68* 0.27 0.58 
Avg. PLAND Class -0.19* 0.33* -1.88* 1.23* 
Avg. CLUMPY Class -2.42* 2.16* -9.44* 43.47* 
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Table 4-10 Spatial Analysis by Distance IndicEs (SADIE) association (NA) 
results for ants to pests by field and generalized collection time. Chi_P indicates 
the χ value output where positive indicates that the two groups are clustered 
together positively and negative indicates that the two groups are avoiding each 
other (gaps). The probability is the association P value of χ statistic. 
Time Field Chi_P Probability 
1 A12 0.1552 0.3608 
1 A13 0.3732 0.2629 
1 A14 0.6292 0.0572 
1 B12 0.6106 0.0008 
1 B13 0 1 
1 B14 0.3604 0.2149 
1 C12 -0.5828 0.8467 
1 C13 0.2695 0.2112 
1 C14 -0.2244 0.566 
1 D12 0.3832 0.1726 
1 D13 -0.0262 0.5118 
1 D14 0 1 
1 E13 -0.8016 0.9499 
1 E14 0.2886 0.3446 
1 F13 -0.4238 0.7671 
1 F14 0.308 0.2673 
1 G13 0.1394 0.4549 
1 I12 -0.5129 1 
1 O12 -0.0725 0.574 
1 P12 0.534 0.033 
1 T12 -0.2267 0.7566 
1 U12 0.1639 0.286 
1 V12 0.0246 0.4745 
2 A12 0.1167 0.4266 
2 A14 0.2348 0.2608 
2 B12 0.4089 0.0153 
2 B14 -0.2507 0.7382 
2 C12 -0.2396 0.5906 
2 C14 -0.3057 0.6554 
2 D12 0.4495 0.1741 
2 D14 -0.1325 0.59 
2 E14 0.7482 0.0524 
2 F14 0 1 
2 I12 0.1767 0.3062 
2 O12 0.1783 0.3054 
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Table 4-10 continued 
Time Field Chi_P Probability 
2 P12 0.6522 0.0115 
2 U12 -0.0645 0.5889 
2 V12 0.047 0.4544 
3 A14 0.482 0.0971 
3 B14 0.0963 0.4166 
3 C14 -0.044 0.5526 
3 D14 -0.4601 0.6787 
3 E14 -0.5441 0.7899 
3 F14 0.4931 0.2164 
4 A14 0.0406 0.4609 
4 B14 -0.1134 0.6351 
4 C14 -0.0156 0.5138 
4 D14 0.0349 0.481 
4 E14 0.0336 0.4864 
4 F14 0.3399 0.2881 
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Table 4-11 Regression results (* indicates P < 0.05) where ant and pest SADIE associations (significant spatial trends) 
between ants and pests were analyzed using PROC LOGISTIC regression against landscape and class metrics, 
community metrics and abiotic conditions at 0.5km and 3.0km scales with the individual field as a random effect. 
Metric Metric Scale 0.5 KM Buffer 3.0 KM Buffer 
Time N/A 1.76* 0.49* 
Field Area (Ha) N/A 1.98* 0.94* 
Avg. Temp. (C) N/A -1.72* -0.70* 
Avg. Wind (mph) N/A 3.42* 1.14* 
Ant Abundance N/A -0.07 -0.09 
Ant Diversity N/A 0.03 0.04 
Ant SADIE N/A -22.72* -0.92* 
Pest Abundance N/A 0.25 -0.16* 
Pest Diversity N/A 0.64 0.40 
Pest SADIE N/A -4.41* -3.82* 
TE Landscape -0.54* -0.05* 
SIDI Landscape 39.19* -21.62* 
Avg. PLAND Class -13.90* 1.79* 
Avg. CLUMPY Class -81.50* 138.80* 
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Table 4-12 Molecular gut content results by ant species tested for Colaspis brunnea, Chivaria hilaris, and Hypena scabra. 
Ant species tested C. brunnea C. hilaris H. scabra 
Lasius neoniger (n=413) 13.4% 0% 2.9% 
Monomorium  minimum (n=92) 0% 0% 0% 
Tapinoma sessile (n=92) 0% 0% 0% 
Tetramorium caespitum (n=92) 0% 0% 0% 
Pheidole tysoni (n=38) 0% 0% 36.8% 
Solenopsis molesta (n=29) 0% 0% 13.8% 
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Table 4-13 Regression results (* indicates P < 0.05) where ant molecular gut contents (DNA Yes/No?) were analyzed 
using PROC LOGISTIC regression against landscape and class metrics, community metrics, and abiotic conditions at 
0.5km and 3.0km scales with the individual field as a random effect. 
Metric Metric Scale 0.5 KM Buffer 3.0 KM Buffer 
Time N/A 1.03* 0.81* 
Field Area (Ha) N/A 0.11* -0.07* 
Avg. Temp. (C) N/A 0.12* 0.02 
Avg. Wind (mph) N/A 0.45* 0.44* 
Ant Abundance N/A 0.15* 0.18* 
Ant Diversity N/A 0.35 0.35* 
Ant SADIE N/A 1.07* -0.75* 
Pest Abundance N/A -0.07 -0.04 
Pest Diversity N/A 0.37 0.74* 
Pest SADIE N/A 0.02 0.57* 
SADIE NA N/A 1.81* 1.56* 
TE Landscape 0.10* 0.01* 
SIDI Landscape -11.95* -2.48* 
Avg. PLAND Class 0.46* -0.37* 
Avg. CLUMPY Class 8.75* 1.46* 
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Figure 4-1 Three sampled field sites (dots), with 0.5 km and 3.0 km buffers around the corresponding year’s Crop Data 
Layer. Sites indicate the range in landscape diversity (SIDI), average percentage of landscape per cover type (PLAND), 
total edge length (TE), and cover type clumpiness (CLUMPY). The mapping projection (WGS 1984) causes buffers to 
appear oblong. 
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Figure 4-2 The average percentage of the landscape (PLAND) by USDA Crop Data Layer land cover classification for (A) 
0.5 and (B) 3.0 km buffers. 
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Figure 4-3 Graph of the parameter estimates associated with (A) ant and pest abundance with landscape diversity (SIDI), 
(B) ant and pest diversity with SIDI, (C) ant and pest abundance with the class metrics of average percentage of 
landscape (PLAND) and average total edge distance (TE) and average clumpiness of covers (CLUMPY), and (D) ant and 
pest diversity with PLAND, TE, and CLUMPY. Positive parameter estimates indicate variables that increase the respective 
arthropod community while negative estimates indicate the opposite effect.
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Figure 4-4 Relationship of ant and pest community abundances using SADIE 
association analyses for one select field with significant aggregations of (A) ants 
and (B) pests and (C) significant association of ants to pests. Increased color 
saturation indicates an increase in population density or aggregation within the 
field while a lack of color indicates gaps of the populations within the fields. In 
(C), purple saturation indicates spatial associations of ant and pest aggregations. 
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Figure 4-5 Graph of the parameter estimates associated for ant SADIEs, pest SADIEs, SADIE association of ants to 
pests, and predation (PCR) with the landscape metrics of diversity (SIDI) and fragmentation (PLAND, TE, and CLUMPY) 
for (A) 0.5 km buffers and (B) 3.0 km buffers. Positive parameter estimates indicate variables that increase the respective 
metric while negative estimates indicate the opposite effect. 
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Chapter 5 FIELD MARGIN COMPOSITION INFLUENCES EARLY SEASON 
PEST AND SPIDER SPATIAL ASSOCIATIONS 
 
Chapter contents prepared for publication in Penn, HJ. Field margin composition 
influences early season pest and spider spatial associations. Journal of Applied 
Ecology. 
 
5.1 Summary 
Crop field margins provide benefits to growers by provisioning alternative 
food resources and refuges for predators. Pests are known to interact with 
margins in different ways depending on host plant requirements and dispersal 
modes, altering their within field interactions with predators. This study quantified 
soybean pest and spider abundances in relation to margin composition and 
scale. Within field spatial distributions of soybean pests and spiders in relation to 
field margins, community abundances, and abiotic conditions were determined to 
elucidate potential pest-spider interactions. Pest and spider abundances in 
soybean fields were positively correlated with each other and with increased wind 
speed. Pest abundance increased if field margins were located from 0-10 m but 
not 10-20 m and were composed of soybeans. Spider abundances only 
benefitted from the presence of wooded margins 10-20 m from the field. Both 
pest and spider Spatial Analysis by Distance IndicEs were impacted by margin 
type and distance interactions. Pests were more likely to exhibit non-random 
spatial patterns when pest abundances were small, early in the season. When 
spider spatial associations to pests were analyzed, the likelihood of spider 
aggregation increased with the presence of pest aggregations. Wooded and 
grass margins from 10-20 m also increased the chances of positive spatial 
overlap between pests and spiders. Our results indicate that pest and spider 
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abundance in soybeans was dictated by a combination of abundance, land use, 
and abiotic conditions. Woody areas proved to be a source for spider 
populations; and this effect was increased with greater wind speed, potentially 
allowing greater spider dispersal. Additionally, spiders were more likely to overlap 
with pest populations earlier in the season, indicating that early season predation 
might be occurring as spatial overlap has been shown to indicate predation in 
previous studies. To increase the likelihood of predation events via conservation 
biocontrol, growers should ensure that soybean fields are not immediately 
adjacent to each other but are separated by another margin type, preferably a 
tree/shrub line. 
 
5.2 Introduction 
Agriculture covers 38% of global arable land (Clay 2004, Donald and Evans 
2006), which is concerning since landscape simplification via agricultural 
intensification leads to biodiversity (Altieri 1999) and associated ecosystem 
service loss (Menalled et al. 1999, Macfadyen et al. 2011) as well as an increase 
in dis-services (Zhang et al. 2007, Meehan et al. 2011). When landscapes no 
longer include high-quality habitat for beneficial species, an increase in mortality 
and a loss of species richness is exhibited (Chisholm et al. 2011), but when 
landscapes contain patches of undisturbed habitat, beneficial species (i.e. natural 
enemies and pollinators) can flourish (Gardiner et al. 2010, Batary et al. 2011, 
Cusser et al. 2016).  
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Within agroecosystems, such patches often involve unmanaged field 
margins (Potts et al. 2016) as these areas incur little to no cost to growers 
compared to curated natural areas (Nelson et al. 1998, Brodt et al. 2008). Margin 
composition is especially influential as field edges are the gateway for arthropods 
into agricultural areas after disturbance events (i.e. planting, chemical 
application, harvest) (Altieri and Schmidt 1986, Buddle et al. 2004). The 
composition of field margins can exert pressure on species interactions in 
multiple ways – by altering movements, inducing species-specific mortality, 
changing interspecific interactions between edge and field matrices, and by 
providing novel spaces for interactions (Fagan et al. 1999). By changing the 
content and structure of these margins, species diversity and subsequent 
ecosystem functioning such as biological control within adjacent agricultural 
fields can be manipulated (Thomas et al. 1991, Dauber and Wolters 2005, 
Chaplin-Kramer et al. 2011) via this physical or interaction barrier (Hawkes 1973, 
Bowden and Dean 1977, Wratten et al. 2003). 
Unmanaged field margins have the potential to act as a barrier for pest 
dispersal between crop fields by two means as proposed by theoretical models 
(Bhar and Fahrig 1998). The first mechanism is by blocking the path into a field 
with an inhospitable environment where the arthropod is without high-quality 
food, mates, or necessary abiotic conditions. For example, Hawkes (1973) 
reported that the height and permeability of crop borders, and the extent to which 
they acted as windbreaks, influenced adult cabbage root fly in-field abundance 
and aggregation. Additionally, Holland and Fahrig (2000) and Wratten et al. 
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(2003) found differential effects of wooded areas like tree lines and shrubs on 
overall insect dispersal rates. The second is accomplished by trapping the 
arthropod within the border with preferred host plants or mate access, luring it 
away from the field (Stinner et al. 1983). However, given the lack of consistency 
between systems, it is critically important to determine how different categories of 
vegetative borders impact pest species dispersal into agroecosystems.  
Besides posing as a barrier to or reservoir for pest species, field margins 
can supplement natural enemies (conservation biological control) (Bianchi et al. 
2005, Kremen et al. 2011). Not only do margins provide refuge from disturbance 
(Landis et al. 2000, Lee et al. 2001) and spaces for overwintering (Holland et al. 
2008), they also provide alternative food resources such as non-pest prey items 
(Harwood and Obrycki 2005b, Amaral et al. 2013) and plant-based foods such as 
pollen and extra-floral nectar (Dyer and Landis 1997, Landis et al. 2005).  For 
instance, natural enemy populations can be increased by up to 80% and 71% 
when given access to herbaceous habitats and woody habitats respectively in 
addition to cropland (Bedford and Usher 1994, Bianchi et al. 2006). Increased 
natural enemy populations often result in greater biocontrol of pest arthropods 
(Brewer and Elliott 2004) and weeds (Booman et al. 2009, Birthisel et al. 2014, 
Birthisel et al. 2015).  
One particular group of natural enemies that can readily disperse from 
field margin habitats are spiders,  generalist predators within agroecosystems 
(Nyffeler et al. 1987, Young 1990, Maloney et al. 2003, Kuusk and Ekbom 2012) 
and contributors to non-consumptive control of pest damage (Rypstra and 
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Buddle 2013, Penn and Athey In prep.). For instance, margin composition 
surrounding orchards has been shown to have a significant impact on spider 
abundance and subsequent suppression of codling moth (Lefebvre et al. 2016). 
The resources provided by non-crop habitats are important for spider community 
maintenance (Taylor and Pfannenstiel 2008, Nyffeler et al. 2016), enabling these 
populations to move into agricultural fields early in the season for pest 
suppression (Wissinger 1997, Buddle et al. 2004, Gavish-Regev et al. 2008). 
This movement of natural enemies into crop fields is especially important for 
suppressing early season pest populations before they can build up to higher 
numbers (Harwood et al. 2007). 
This study determined how field margins at two spatial scales altered the 
within field abundance of arthropod pest species and spiders (Figure 5-1). I also 
assessed the impact of field margins on the likelihood of within field spatial 
aggregations of pests and spiders and between these groups, as the spatial 
overlap of predators and prey can indicate corresponding predation events 
(Winder et al. 2001, Bell et al. 2010, Zhao et al. 2013). The results of this study 
inform both how to manage field margins for pest species-specific control but 
also how to supplement conservation biological control efforts by promoting 
spider populations. 
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5.3 Materials and Methods 
5.3.1 Study Sites, Sample Collection, and Field Margin Composition 
Grower managed soybean fields (n = 23) throughout central and western 
Kentucky were sampled from 2012-2014 according to methods in Chapter 4, 
page 52 (Penn et al. In review), using pooled wet pitfall traps, sweep samples, 
and hand samples (n = 1282) for an overall view of the spider and arthropod pest 
community (Lang 2000). Pests from all collection methods were identified to 
species or family when applicable and spiders were identified to family (AAS 
2005, Johnson et al. 2015). Field margins were evaluated for general 
composition from 0-10 m and 10-20 m from the outermost row of soybeans in the 
focal field. All fields were observed to have soybean, grassy areas (unmanaged, 
weedy, not wooded), or wooded areas from 0-10 m and soybean, grassy areas, 
wooded areas (trees and dense shrub), other crop (typically corn or tobacco), or 
roadways from 10-20 m  from the field margin (Figure 5-2).  
 
5.3.2 Spatial Analysis 
Within field spatial patterns of pests (aggregate and by species/family) and 
spiders were analyzed according to methods described in Chapter 4, page 54 
(Windor et al. 2005, Thomson and Hoffmann 2013, Penn et al. In review)  using 
Spatial Analysis by Distance IndicEs (SADIE) (Perry 1995, Perry et al. 1999, 
Winder et al. 2001, Perry and Dixon 2002, Perry et al. 2002) in SADIEShell 2.0 
with QuickSADIE (Copyright © 2008, Kelvin F. Conrad). Aggregate and 
species/group specific pest and aggregate spider within field patterns were 
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analyzed in comparison to each other (Windor et al. 2005, Holland et al. 2007) 
using SADIE association analysis (N_AShell 1.0 with QuickAssociation 2.0, 
Copyright © 2008, Kelvin F. Conrad), indicating the potential for spider-mediated 
biocontrol. The SADIE association outputs were mapped with Surfer v9.0 
(Golden Software, LLC, Golden, Colorado, U.S.A.) for all fields and collection 
dates. The presence of significant (P < 0.05) spatial patterns (both 
patches/aggregations and gaps) were coded as binary data (i.e. present or 
absent). 
 
5.3.3 Statistical Analyses 
 To answer the target questions, several sets of regressions were run 
using JMP 12.0 (SAS Institute, Cary, North Carolina). First, the effect of presence 
or absence of field margin types at the two different spatial scales was analyzed 
using a GLM with Poisson distribution and log link function (O’Hara and Kotze 
2010) in association with overall spider abundance, pest abundance, and 
species/group-specific pest abundance while controlling for abiotic conditions 
(precipitation, average temperature, average daily wind speed, and field area). 
The presence or absence of significant pest (both aggregate and species/group 
specific) and spider spatial patterns was regressed within a nominal logistic 
model against field margin classifications and distances as well as the previously 
stated abiotic factors and community abundances with posthoc odds ratio (OR) 
calculations (present to absent comparison in categorical variables; per unit 
increase in continuous variables). Finally, to determine what factors influenced 
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the spider spatial associations with pests, a final set of nominal logistic 
regressions with posthoc OR calculations was completed using the binary SADIE 
data for spiders, pests, each pest species/group, field margin composition and 
distance, community abundances, and the abiotic variables (Agerbo et al. 2007, 
Rita and Komonen 2008). All regressions controlled for collection time and field 
of origin (random variable). 
 
5.4 Results 
5.4.1 Pest and Spider Abundances 
The most commonly found insect pests (alphabetical order) included 
Acrididae (Orthroptera), Aphididae (Hemiptera), Colaspis brunnea F. 
(Coleoptera: Chrysomelidae), Cerotoma trifurcata (Forster) (Coleoptera: 
Chrysomelidae), Dectes sayi Dillon and Dillon (Coleoptera: Cerambycidae), 
Hypena scabra F. (Lepidoptera: Erebidae), Pentatomidae (Hemiptera), Popillia 
japonica Newman (Coleoptera: Scarabaeidae), and Spissistilus festinus (Say) 
(Hemiptera: Membracidae) (Figure 5-3). The most commonly found spider 
families were Linyphiidae (Araneae), Lycosidae (Araneae), Oxyopidae 
(Araneae), and Salticidae (Araneae).  
Aggregate pest (with spiders: χ² = 115.41, df = 1,  P < 0.01) and spider 
(with pests: χ² = 85.05, df = 1,  P < 0.01) abundances were positively correlated 
with each other, indicating potential habitat or resource preference overlap as 
these populations exhibited opposite interactions with average daily temperature 
(pests: estimate = -0.05, χ² = 26.19, df = 1, P < 0.01; spiders: estimate = 0.06, χ² 
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= 46.58, df = 1, P < 0.01) and no interaction with precipitation (pests: χ² = 1.64, df 
= 1, P = 0.28; spiders: χ² = 1.96, df = 1, P = 0.16). Average wind speed per day 
was a significant predictor of all abundances, with increased speed positively 
impacting abundance (pests: χ² = 62.95, df = 1, P < 0.01; spiders: χ² = 6.33, df = 
1, P = 0.02). Field size altered pest and spider populations oppositely - larger 
fields decreased aggregate pest abundance (χ² = 24.44, df = 1, P < 0.01) while 
spider abundance increased (χ² = 8.39, df = 1, P < 0.01).  
Margin types and distance had significant impacts on both aggregate and 
species/family pest abundance in addition to spider abundance (Table 5-1). 
Generally, the closer the margin to the focal field, the greater number of pests 
were impacted (average number of 4 species/families per margin type impacted 
at 0-10 m and 2 species/families at 10-20 m) (Table 5-2). Soybean margins were 
the exception, where 0-10 m positively impacted abundances of the aggregate 
pests (χ² = 27.37, df = 1, P < 0.01) but negatively impacted them from 10-20 m 
(χ² = 39.22, df = 1, P < 0.01). Some margin by pest interactions of note include 
wooded/shrub areas increasing Pentatomid abundance (0-10 m: χ² = 4.28, df = 
1, P = 0.03) and weedy margins increasing P. japonica (0-10 m: χ² = 10.89, df = 
1, P < 0.01) and Acridid abundances (0-10 m: χ² = 19.03, df = 1, P < 0.01). C. 
brunnea and C. trifurcata had no significant interactions with any margin at any 
distance. Spider abundances were positively impacted by 10-20 m wooded 
margins (χ² = 7.89, df = 1, P < 0.01) and not by any other type or distance. 
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5.4.2 Spatial Patterns of Spider and Pest Communities 
Non-random spatial arrangements of pests were negatively impacted by 
an increase in pest abundance (OR = 0.88, P = 0.02) but positively by spider 
abundance (OR = 1.11, P = 0.03). The pest species/families C. brunnea (OR = 
0.92, P = 0.03), Pentatomids (OR = 0.85, P = 0.02), and S. festinus (OR = 0.81, 
P < 0.01) were negatively associated with increases in non-random spatial 
arrangements when soybean pest abundance increased. P. japonica (OR = 1.06, 
P = 0.04) saw the opposite trend, and all other pests did not see any association. 
Only the C. trifurcata spatial association (OR = 2.71, P < 0.01) was significantly 
related to the presence of aggregate pest patches within the field. The incidence 
of significant spider aggregations within the field exhibited significant influences 
on the likelihood of within field clustering of Acrididae (OR = 15.17, P < 0.01), C. 
brunnea (OR = 5.75, P < 0.01), H. scabra (OR = 0.17, P < 0.01), and P. japonica 
(OR = 3.61, P < 0.01). In general, non-random spatial distributions of aggregated 
pests were altered by abiotic variables such as precipitation (OR = 0.99, P < 
0.01), field area (OR = 0.92, P = 0.04), and wind speed (OR = 4.54, P < 0.01).  
Spider spatial distributions were not impacted by aggregate soybean pest 
(OR = 1.05, P = 0.13) or spider abundance (OR = 0.97, P = 0.45), but were 
impacted by the abiotic variables field area (OR = 0.95, P = 0.03) and wind 
speed (OR = 2.6, P < 0.01). Higher spider abundance was positively associated 
with Acrididae (OR = 1.10, P = 0.01) and S. festinus (OR = 1.16, P < 0.01) within 
field aggregations but were revealed to not be associated with any other pest 
species’ likelihood of spatial aggregation.  
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The aggregate pest response was variable in response to spatial scale, 
with the interaction with soybean margins changing from positive (OR = 1.28, P = 
0.54) to negative (OR = 0.62, P = 0.22) and vice versa with grassy/weedy 
margins (0-10 m: OR = 0.68, P = 0.33; 10-20 m: OR = 1.85, P = 0.12) with the 
increase in distance (0-10 to 10-20 m). Additionally, the response to wooded 
borders was no longer significant at the greater distance (0-10 m: OR = 4.54, P < 
0.01; 10-20 m: OR = 1.76, P = 0.21). Spider aggregations were less likely to 
occur when wooded areas from 0-10 m (OR = 0.51, P = 0.04) were present. 
Potentially, these distance differences between aggregate spider and pest spatial 
aggregations would indicate the spatial distances they require to establish within 
a field and benefit from margin-contained resources. However, more clarity can 
be gained by evaluating the pest specific interactions with margins. We see that 
distance from the field is still an important factor (Figure 5-4).  
 
5.4.3 Spatial and Temporal Overlap of Spiders and Pests 
 The spatial associations between aggregate pest and spider populations 
are more interesting. Influencing abiotic variables included precipitation (OR = 
60.95, P < 0.01), average temperature (OR = 8.72e-12, P < 0.01), and field area 
(OR = 3196.04, P < 0.01). There was an overwhelming influence of the pest 
spatial aggregations (OR = 42.79, P < 0.01) rather than the spider aggregations 
(OR = 1.33e-10, P < 0.01), as the presence of pest aggregations significantly 
predicted more spider-pest overlaps (Figure 5-5). This trend was probably 
related to lower pest abundance as well since the number of significant positive 
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spatial associations between pests and spiders decreased throughout each field 
season (Figure 5-6). When specific pest groups were analyzed in relation to the 
spider by aggregate pest spatial associations, certain groups played a more 
significant role in this trend, further explaining the margin impacts on the spatial 
association. The pest by spider spatial association was primarily driven by the 
aggregations of Acridids (OR = 9.79e-9, P < 0.01), aphids (OR = 2.69e-8, P = 
0.02), C. brunnea (OR = 6.44, P < 0.01), H. scabra (OR = 4.66e-8, P = 0.02), and 
Pentatomids (OR = 6.8e-8, P = 0.02). This trend was clearer when we examined 
the pest species/family by spider spatial associations and how those impact the 
overall likelihood of aggregate pest by spider associations. Acridid × spider 
interactions (OR = 2.7e+10, P < 0.01) positively impacted this likelihood while H. 
scabra × spider interactions (OR = 3.82e-19, P < 0.01) negatively altered the 
association.  
In terms of the spatial association between pest and spider populations, 
an indicator of potential predatory interactions, only one margin had an influence 
at the smaller scale while three influenced this relationship at the larger scale. At 
the 0-10 m scale, only wooded areas were associated with the spider to pest 
spatial aggregations and negatively so (OR = 0.13, P < 0.01), but the presence of 
wooded margins at 10-20 m was positively associated with a spatial overlap of 
these two groups (OR = 6.30, P < 0.01). Grassy/weedy margins at 10-20 m (OR 
= 5.14, P < 0.01) had the opposite impact on this association than did the other 
crop (non-soybean) edges (OR = 2.01e-10, P = 0.04), where grassy areas 
exhibited a positive impact (Figure 5-7).  
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5.5 Discussion 
5.5.1 Field Margins on Spider and Pest Abundances 
The abundance data indicated that both spider and aggregate pest 
abundances were influenced by margin composition and scale. For instance, 
pests were impacted by more of the margin types (5 margins) than were spiders 
(1 margin); but in both instances, scale dictated whether or not that margin 
stayed significant or changed the directional (positive or negative) influence on 
abundance. Spiders were only influenced by wooded margins at the further 
distance from the field, unsurprising as spiders have been known to balloon into 
agricultural fields from forested areas (Hatley and Macmahon 1980, Clough et al. 
2005). Aggregate pest abundance was influenced by soybean margins at both 
scales, with the 0-10 m margins resulting in increased abundance while 10-20 m 
decreased abundance. This indicates that the pests were moving between fields 
when fields were immediately adjacent (0-10 m), forming a corridor, but that they 
are unable to overcome non-soybean margins if a soybean field was at the 10-20 
m distance (Bhar and Fahrig 1998). The negative impact of wooded margins at 
both scales on pest abundances could potentially be due to the physical barrier 
posed by these margins (Wratten et al. 2003) or by the increase these same 
margins caused in spider abundance (Rand et al. 2006) The trend of the 
aggregate pest abundance was also mirrored by individual pest species/families 
in relation to the soybean margins at 0-10 and 10-20 m scales, indicating that this 
was a more general phenomena. 
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5.5.2 Field Margins on Spider and Pest Spatial Aggregations 
The SADIE data for spider or pest aggregations exhibited similar trends 
with the abundance data; margin type and scale had differential impacts on 
spiders and aggregate pest aggregation likelihoods. Interestingly, margin type 
interactions with spider SADIEs were more similar to the margin interactions with 
prey abundance instead of spider abundance, potentially indicating that spiders 
clustered in space and time based on pest abundance in any given area. This 
was supported by spider SADIE likelihood as it was increased by the same 
margin type that increased aggregate pest abundance. Pest SADIE likelihood 
was only increased by wooded (0-10 m) margins and appeared to be driven by 
Pentatomid abundance and interactions with wooded margins. Interestingly, pest 
SADIE likelihood was diminished with an increase in aggregate pest abundance, 
indicating that smaller and earlier populations of pests were more likely to be 
significantly clustered than larger older populations. We also saw that abundance 
and within field, aggregation is not necessarily positively associated as we might 
imagine. In the case of spiders, there was no association between abundance 
and within field aggregations. However, with pests, increases in abundances 
actually decreased the likelihood of pest aggregations within the field, indicating 
that competition and subsequent dispersal could have been occurring (Denno 
and Peterson 1995, Applebaum and Heifetz 1999). This was especially important 
to consider given the spider × pest overlap, where this interaction is dependent 
upon the presence of pest aggregations. Potential biological control services 
provided by spiders when these spatial overlaps occur (Windor et al. 2005) are 
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more likely to happen when pest populations are low as is the case in early 
season predation (Athey et al. 2016).  
 
5.5.3 Field Margins on Spider and Pest Spatial Overlap 
Spider by pest SADIE association likelihood was only influenced by two 
border types – wooded margins and grassy/weedy margins. We found that the 
wooded margins closer to the field had a negative influence on the aggregation 
whereas the wooded areas further from the field positively influenced the 
association of spider to pest aggregations. This result re-emphasizes that pest 
communities appear to be altered more so by immediately adjacent edges and 
that this trend cascades into the spider-pest spatial interactions. Furthermore, the 
greater likelihood of pest aggregations increased the likelihood of spider to pest 
aggregations, indicating that early season predation (where early is defined by 
when any given pest enters the field) is at play in these associations since pest 
aggregations were negatively impacted by increases in pest abundance (Athey et 
al. 2016). 
 
5.5.4 Abiotic Conditions on Spider and Pest Spatial Patterns 
In addition to the impact that abundance and field margin type and 
distance had on spider and pest communities and spatial associations, abiotic 
factors contributed greatly. Spiders and pests had opposite interactions with 
average temperature and field area, where an increase in either increased spider 
abundance but not pest abundance. Interestingly, neither spider nor pest SADIEs 
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was altered by average temperature and both were negatively impacted by field 
area. The temperature data again revealed that early-season populations of 
pests were the force behind the spatial associations since pest populations 
generally increased with temperature and time. Field area interactions with 
SADIE data also mirrored the strong pest interactions with 0-10 m margins; if a 
field was smaller, there was a greater chance that any given pest will encounter a 
non-soybean field margin. Wind speed was the only abiotic factor to increase 
both spider and pest abundances and spatial associations both within their 
respective communities and between the communities. As many spiders and 
pest species can disperse aerially, increased wind speed might spread these 
species across an agricultural landscape quickly, making source margins (in the 
case of spiders) and barrier margins (in the case of pests) important for 
controlling arthropod abundances and the subsequent within field spatial 
interactions of pests and predators. 
 
5.5.5 Application of Field Margin by SADIE Interactions 
Our results are similar to previous findings in agroecosystems – where 
wooded edge habitats were beneficial to natural enemy abundance within fields 
(Altieri and Schmidt 1986, Alderweireldt 1989, Phillips and Gardiner 2016). 
Additionally, these wooded field margins are extremely important for 
conservation biological control for generalist such as spiders as these areas 
often house species and resources that other margin types such as grassy areas 
do no provide (Bedford and Usher 1994). Although such margins are often 
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suspected by growers to increase pest species (Burton et al. 2008), our results 
indicated that woody margins actually decrease pest abundance either through 
physical barriers or by encouraging natural enemies such as spiders to abound 
(Kremen et al. 2011, Zhao et al. 2013, Rusch et al. 2016), ultimately benefiting 
crop production (Losey and Vaughan 2006, Cullen et al. 2008). These 
interactions depended, in part on pest species identity as various pest groups 
prefer different host plants, disperse via different mechanisms, and respond to 
abiotic conditions differently (Blau and Stinner 1983, Stinner et al. 1983, Zaller et 
al. 2008).  
Our results indicated that more intentional management of field margins 
can benefit growers and conservation efforts (Donald and Evans 2006, Marshall 
et al. 2006, Gaucherel et al. 2007, Dramstad and Fjellstad 2011, Caro et al. 
2016). Altering the plant community within agroecosystems would benefit the 
arthropod community including natural enemies of pest species by providing a 
larger number and greater diversity of ecological niches (Barberi et al. 2010) 
while simultaneously buffering the population of the area by invasive insects 
(Jonsson et al. 2010). An increase in ecosystem diversity fueled by vegetative 
margins would, in turn, promote bird and pollinator population growth and 
diversity (Henderson et al. 2012, Cusser et al. 2016).  Therefore, the use of 
vegetative field margins has the potential to benefit agroecosystems and grower 
interests in both the short and long term. We suggest that tree lines within 
soybean systems be maintained as a form of conservation biological control and 
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to fuel the potential for early season predation of pests, a sustainable form of 
crop damage mitigation. 
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Table 5-1 Parameter estimates of margin types (multinomial logistic regression) with aggregated pest and spider 
abundances as the corresponding independent variables controlled for abiotic conditions and field site. 
Distance Margin Type Pests (all) Spiders 
0-10 m Grassy      0.18*     -0.06 
 Soybean      0.22*     -0.06 
 Tree     -0.12*      0.06               
11-20 m  Grassy      0.07      0.01 
 Soybean     -0.24*      0.04 
 Tree     -0.12*      0.13* 
 Other Crop     -0.10*      0.05 
 Roadway      0.10*      0.05 
* indicates P < 0.05 
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Table 5-2 Parameter estimates of margin types (multinomial logistic regression) with pest abundances as the 
corresponding independent variables controlled for abiotic conditions and field site. 
Distance 0-10 m    11-20 m    
Pest Grass Soybean Tree Grass Soybean Tree Other Crop Roadway 
Acrididae 0.66* 0.54* -0.25 -0.25 -0.63* -0.70 -0.01 0.07 
Aphididae -0.57* -0.21 -0.41* 0.20 0.04 -0.20 -0.38 0.00 
C. brunnea -0.05 -0.06 -0.25 0.05 0.15 -0.05 0.07 0.16 
C. trifurcata 0.10 -0.10 -0.20 0.10 0.03 0.24 -0.08 -0.09 
D. sayi -0.24 -0.03 -0.46 0.53 0.11 0.46 0.96* 0.19 
H. scabra -0.04 0.08 -0.14 0.17 -0.13 0.24* 0.01 0.27* 
M. unipuncta -0.67 8.05 -0.45 1.01* -7.98 1.00* -7.82 0.40 
Pentatomidae 0.83* 0.23* 0.15 -0.68* -0.14 -0.97* 0.36* 0.82* 
P. japonica 0.36* 0.32* -0.23* -0.03 -0.31* 0.16 -0.11 0.16 
S. festinus 0.47* 0.54* 0.14 -0.11 -0.45* -0.24 -0.36 -0.08 
* indicates P < 0.05 
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Figure 5-1  Potential field margin distance by within field species interactions of soybean pests and predators.
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Figure 5-2 Field border examples of (A) other crop, grass/weed, and tree/shrub and (B) soybean, tree/shrub, and 
road. 
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Figure 5-3 (A) The relative proportion of spider families represented within the samples (n = 1282) and (B) the relative 
proportion of the pest groups (some families, some species) found. 
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Figure 5-4 Parameter estimates of aggregate spider and pest within field spatial aggregations given field margin type for 
(A) 0-10 m and (B) 10-20 m. 
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Figure 5-5 Odds ratios for spider and pest community variables in how they contribute to the likelihood of seeing a 
positive spatial association between spiders and pests. Where spider and pest abundances are per unit odds ratios and 
SADIE variables are categorical with presence: absence. Any value < 1 indicates a decrease in likelihood while and value 
> 1 indicates an increase in likelihood. 
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Figure 5-6 The number of fields containing significantly positive spatial associations between aggregate pest and spider 
communities over the growing season. 
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Figure 5-7 SADIE association map indicating general spider by pest association in relation to margin type at 0-10 m. 
Aggregate pests are represented in blue and spiders in red. Associated patches are purple and gaps are white.  
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Chapter 6 NON-CONSUMPTIVE EFFECTS OF ANTS AND SPIDERS 
INFLUENCE INTRAGUILD INTERACTIONS AND SUBSEQUENT PEST 
DAMAGE IN SOYBEANS 
 
Chapter contents prepared for publication in Penn, HJ and KJ Athey. Non-
consumptive effects of ants and spiders influence intraguild interactions and 
subsequent pest damage in soybeans. Bulletin of Entomological Research. 
 
6.1 Summary 
Biological control practices rely on natural enemies, including generalists, 
to suppress pest populations even though these natural enemies may consume a 
wide range prey including other predators, known as intraguild predation. We 
examined interactions between two generalist predators in soybean 
agroecosystems in central Kentucky – the striped lynx spider (Oxyopes salticus) 
and the cornfield ant (Lasius neoniger) – and a herbivore, the green cloverworm 
(Hypena scabra). We hypothesized that each predator would reduce green 
cloverworm populations and leaf damage, but the predators would interfere with 
each other when both were present. To study these interactions, field cages 
containing potted soybeans were used to examine eight treatments (control, 
cloverworm, spider, ant, cloverworm + spider, cloverworm + ant, spider + ant, 
and cloverworm + spider + ant). When the survival of spiders and cloverworms 
was analyzed, no treatment effects were found. However, when the proportion of 
leaf damage was compared, the spider, spider + ant, and spider + cloverworm 
treatments had significantly less damage than the ant, ant + cloverworm, and ant 
+ cloverworm + spider treatments. These results indicated that spiders tended to 
decrease plant damage while ant presence significantly increased damage. We 
found that generalist predators, such as L. neoniger, can inhibit biological control 
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due to non-consumptive and intraguild interactions even when the same species 
in a different system provides substantial levels of pest suppression. 
 
6.2 Introduction 
Biological control to prevent plant damage and disease transmission 
depends on natural enemies found in agroecosystems to actively prey upon and 
suppress pest populations (Landis et al. 2000, Welch and Harwood 2014). The 
characteristics and disturbances of agricultural habitats influence various natural 
enemy species differently, allowing for the alteration of natural enemy community 
composition and abundance in cropping systems (Schmidt et al. 2005, Gardiner 
et al. 2010, Jonsson et al. 2015). By enhancing the populations of already 
occurring natural enemies through conservation biological control, pest 
suppression can be intensified via non-chemical means, benefiting non-target 
species (i.e. pollinators, detritivores, and predators) through reductions of 
insecticide inputs (Landis et al. 2000). Additionally, increased species richness, 
diversity, and evenness of natural enemies within an agroecosystem can 
ultimately lead to greater biological control effectiveness (Losey and Denno 
1998, Snyder et al. 2006, Straub and Snyder 2008, Finke and Snyder 2010). For 
instance, the ant species Azteca sericeasur Longino (Hymenoptera: Formicidae) 
within coffee agroecosystems (Marín et al. 2015) and Lasius niger L. 
(Hymenoptera: Formicidae) in grasslands (Schuch et al. 2008) have been found 
to positively influence spider populations, thereby increasing overall predation 
levels.  
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The additive or multiplicative effects of multiple generalist predator species 
on biological control is confounded by intraguild interactions, competition or 
predation among the predators themselves (Polis et al. 1989, Rosenheim et al. 
1995, Snyder and Wise 1999). Predators have the potential to actively interfere 
with each other, releasing pest species from predation (Prasad and Snyder 
2006); this interaction hinges on the identity of and the environmental conditions 
surrounding the predatory species (Straub and Snyder 2006). The presence of 
two predators with the tendency to interfere with each other could increase crop 
damage by either inducing behavioral changes or directly attacking each other. 
For instance, a predator could consume another in place of the target pest 
species (Traugott et al. 2012, Messelink et al. 2013) or an aggressive predator 
could interfere with the normal behaviors of other predators, preventing the 
threatened individual from consuming the pest (Eubanks et al. 2002). 
Ants and spiders, both abundant generalist predators in many systems 
including agroecosystems, exhibit many types of intraguild interactions including 
bi-directional predation and non-consumptive behavioral shifts. Over 100 species 
of spiders have been found to consume ants regularly (Edwards et al. 1974, 
Cushing 2012). For instance, Callilepis nocturna (L.) (Araneae: Gnaphosidae) 
facultatively feed on Formica spp. and Lasius spp. (Hymenoptera: Formicidae). 
Another documented effect of spiders on ants was reported by Gastreich (1999). 
Pheidole bicornis Forel (Hymenoptera: Formicidae) did not forage on leaves 
where the silk of Dipoena banksi Chickering (Araneae: Theridiidae) was present, 
indicating potential predation risk to the ant. Alternatively, many ant species 
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affect the behavior and survival of spiders; for example, Formica cunicularia 
(Latreille) (Hymenoptera: Formicidae) alters densities of Linyphiid (Araneae) 
spiders - where ants were excluded, spider density increased three-fold. 
Additionally, treatments where ants were not excluded saw reduced populations 
of Lepidopteran larvae, indicating that ants can disrupt spider predation while 
maintaining high predation rates on herbivorous prey of their own (Sanders and 
Platner 2007).  
Little is known about the intraguild interactions between ants and spiders 
within simplified and highly disturbed habitats even though both ants and spiders 
have been shown to be excellent predators. The cornfield ant, Laius neoniger L. 
(Hymenoptera: Formicidae), preys upon black cutworm larvae, Agrotis ipsilon 
(Hufnagel) (Lepidoptera: Noctuidae) and Japanese beetle eggs, Popilla japonica 
Newman (Coleoptera: Scarabaeidae) in a turfgrass system (López and Potter 
2000). While the striped lynx spider, Oxyopes salticus (Hentz) (Araneae: 
Oxyopidae), has been well documented as a predator of several pest species in 
cotton agroecosystems (Nyffeler et al. 1987, Breene et al. 1990, Nyffeler et al. 
1992, Nyffeler and Sunderland 2003). However, the addition of both predators 
within the same area, as is common in agricultural field settings, could exhibit 
any combination of intraguild interactions.  
The objective of this study was to determine the intraguild interactions 
between ants and spiders within the context of soybean production, specifically, 
the influence of cornfield ants (Laius neoniger) and striped lynx spiders (Oxyopes 
salticus) on a soybean pest, green cloverworm (Hypena scabra Fabricius 
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(Lepidoptera: Erebidae)). The plant damage produced by the green cloverworms 
was analyzed in addition to the survival of cloverworms and spiders to assess the 
nature of ant-spider intraguild interactions. Within this system, we predicted that 
each predator would reduce green cloverworm survival and subsequent leaf 
damage via direct predation (i.e. loss of cloverworm individuals and predation by 
spiders shown via molecular gut content analysis); but when the predators were 
present simultaneously, they would interfere with each other, resulting in 
increased cloverworm survival and leaf damage.  
 
6.3 Materials and Methods  
6.3.1 Experimental Field Cage Set-up 
The experiment was conducted at the University of Kentucky Spindletop 
Research Farm in Lexington, Kentucky, USA (38° 07' 31.7" N 84° 30' 55.4" W). 
Field cages were composed of nylon mesh screening (52 × 52 mesh count) fine 
enough to exclude arthropod entry or exit but permit sunlight and rainfall. The 
cages (Lumite Inc, Alto, California, USA) measured 1.83 m × 1.83 m × 1.83 m, 
were secured to the ground with tent stakes and permitted researcher access via 
a side zipper. All cages were buried up to 20 cm to prevent movement of 
arthropods in the top layer of soil. Removal of pre-existing arthropods within the 
cages was completed using a leaf blower (Poulan Pro 25cc Gas Blower/Vac, 
Poulan, Charlotte, North Carolina, USA) set to reverse with an insect net 
attached to the air intake. All arthropods captured in this way were placed outside 
of the cages. Yellow sticky cards (15 × 15 cm, 1 per cage) were deployed from 
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the top of the field cage both the week before and during the study to capture the 
remaining non-ground dwelling arthropods. All cages were placed in a grassy 
field which had not been in crop production for one year. Plant material within the 
cages was killed via two sequential applications of Killzall (Voluntary Purchasing 
Groups, Inc., Bonham, Texas, USA) according to the label recommendations, 
with all plant material removed manually one week before the study. No other 
chemical application was made after the final herbicide treatment. Soybeans 
(Viking 2265 Organic Soybeans, Johnny’s Selected Seed, Winslow, Maine, 
USA), were sown at a rate of 1 seed / cm within plastic planters (15.24 cm × 
60.33 cm × 20.00 cm) in the greenhouse at 25 ± 1 °C, 16: 8 L: D cycle and 65 ± 
5% RH until the plants reached a growth stage of R1.  
 
6.3.2 Experimental Treatments 
Eight treatments (factorial arrangement) were used to measure the 
interactions of cornfield ants, striped lynx spiders, and the pest species, green 
cloverworms, with four replicates of each treatment established. Cages were 
placed based on the observed presence of ant colonies with one colony per 
cage. To monitor that the ants remained in the cages after removal of other 
arthropods and plant material, pitfall traps (diameter 9.5 cm, depth 12 cm) with 
Styrofoam rain guards (diameter of 22 cm) containing ethylene glycol were 
installed in the center of each cage. Pitfall traps were set the week before the 
cage study as well as the time of the cage study. Two randomly selected planters 
of greenhouse raised soybeans were placed into each cage three days before 
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the start of the experiment. Planters within treatments not containing ants were 
painted with Fluon® (INSECT-a-SLIP, BioQuip Product, Inc., Rancho 
Dominguez, California, USA) to exclude ants from the soybeans. Spiders and 
cloverworms were obtained via sweep nets from fields of grass and alfalfa at the 
Spindletop Research Farm and immediately placed into field cages to mimic 
arthropod hunger during field conditions (Breene et al. 1990). Organisms were 
added to the cages at a rate of 4 adult or sub-adult spiders and 15 second instar 
cloverworms. The presence of ants (observation of ≥ 1 L. neoniger individual) 
was also observed via direct observations and pitfall trap data. The organisms 
were allowed to interact with the soybean plants and each other for four days in 
order to allow accurate assessment of spider gut contents.  
 
6.3.3 Arthropod Observations 
Daily observations of sex/stages of spiders, and counts of the ants, 
spiders, cloverworm larvae, and other arthropods within the cages were made by 
one researcher. Non-cloverworm herbivores causing chewing damage on the 
plants were removed from the cage when found. The within-cage locations (i.e. 
top of leaf, bottom of leaf, stem, ground, or cage wall/ceiling) of the focal species 
were recorded. At the end of the exposure time, cloverworms and spiders (both 
live and dead) were recovered, counted, and stored in 95% ethanol. 
Cloverworms found as precocious pupae due to parasitism were placed in plastic 
condiment containers for observation of parasitoids, which were stored in 95% 
ethanol upon emergence. Ant presence (≥ 1 individual) or absence during the 
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experimental period was determined using direct observations and pitfall trap 
data.  
 
6.3.4 Molecular Gut Content Analysis 
Following collection, spider samples were homogenized in 180 µL of 
tissue lysis buffer. Total DNA was extracted from all samples using Qiagen 
DNeasy Blood and Tissue Kits© (Qiagen Inc., Valencia, California, U.S.A.) 
following the animal tissue protocol. DNA was then stored in clean 1.5 mL 
microcentrifuge tubes at -20°C until PCR analysis. The total DNA in all samples 
was first amplified with the H. scabra primers (HS517F and HS598R) (Penn et al. 
In review). All PCRs (12.5 µL total volume) consisted of 1X Takara buffer (Takara 
Bio Inc. Shiga, Japan), 0.2 mM of each dNTP, 0.2 mM of each primer, 0.31 U 
Takara Ex TaqTM and template DNA (1 µL of total DNA) (Penn et al. 2016). To 
determine the viability of the extractions not testing positive for H. scabra DNA, 
samples were screened using general COI primers Jerry (Simon et al. 1994) and 
Ben3R (Villesen et al. 2004b). All reactions were carried out using Bio-Rad PTC-
200 and C1000 thermal cyclers (Bio-Rad Laboratories, Hercules, California, 
U.S.A.). The PCR cycling protocol for the general COI primers Jerry and Ben3R 
(with Takara reagents as above) was 94 °C for 1 minute followed by 35 cycles of 
95 °C for 60 s, 47 °C for 60 s, and 72 °C for 90 s. The PCR cycling protocol for 
the H. scabra primers (with Takara reagents as above) was 94 °C for 1 minute 
followed by 40 cycles of 94 °C for 45 s, 62 °C for 45 s, and 72 °C for 30 s. 
Following amplification, reaction success was determined by electrophoresis of 5 
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µL PCR product pre-stained with GelRed nucleic acid gel stain (1X Biotium, 
Hayward, California, USA) on 2% SeaKem agarose (Lonza, Rockland, Maine, 
USA). In all cases, sets of PCRs contained one positive control of only H. scabra 
DNA and one negative control of all reagents without the addition of sample 
DNA. Additionally, any reactions not testing positive with the general COI primers 
were assumed to be unreliable and were not factored into the results.  
 
6.3.5 Final Plant Damage Analysis 
Following the removal of cloverworms and spiders, all plant stems were 
snipped at soil level, placed into bags (one per cage), and transported to the lab 
where plants were stored in a cold room (15 °C) for twelve hours (Breene et al. 
1990). A five plant sub-sample was blindly and haphazardly selected out of the 
bag by hand for every cage, the leaves of which were removed from the stem, 
placed onto a white background with a scale and photographed using a Canon 
EOS digital camera (Canon Inc., Tokyo, Japan). Plant damage was assessed via 
ImageJ (National Institutes of Health, Bethesda, Maryland, U.S.A.(Rasband 
2016)), where the proportion missing leaf area was measured according to 
published methods (Schneider et al. 2012, Schindelin et al. 2015).  
 
6.3.6 Statistical Analyses 
The location within the cage of observed spiders in relation to treatment 
(only those containing spiders), day (to account for weather changes), and 
sex/stage was analyzed using a multinomial logistic regression with replicate as 
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a random effect. Not enough data was gathered on ant and cloverworm locations 
to allow for statistical analysis. Survival (proportion of each recovered alive at the 
end of the study) of spiders and survival and parasitism cloverworms was 
compared among treatments including those respective organisms using a Tukey 
(HSD) test after being arc sine square root transformed. The proportion of leaf 
area damaged was compared among all treatments using a post-hoc Tukey 
(HSD) test after being regressed against presence/absence of non-targets and 
parasitism rate with replicate being a random effect. Additionally, the main effects 
of the treatments (ant, cloverworm, and spider presence/absence) were analyzed 
in all cases using an ANOVA. All analyses were completed in JMP 12.0 (SAS 
Institute, Cary, North Carolina, USA).   
  
6.4 Results 
6.4.1Arthropod Observations 
All cages contained non-target arthropods that had emerged during the 
experiment or were not removed during cage preparation, the most common of 
which included Acrididae (Orthoptera), Cicadellidae (Hemiptera), and Colaspis 
brunnea F. (Coleoptera: Chrysomelidae). Ants were found via visual 
observations and pitfall traps in all treatments the week prior to, and the week of 
in ant-inclusion treatments. Additionally, Fluon® application appeared to be 
effective in preventing ant access to the planters of soybeans throughout the 
duration of this study. When we analyzed the locations of the spiders in relation 
to treatment, day, and spider sex/stage we found the model was generally 
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significant (χ² = 59.12, df = 24, P < 0.01). However, neither day (χ² = 0.37, df = 1, 
P = 0.54) nor spider sex/stage (χ² = 0.09, df = 3, P = 0.76) were significant 
variables for explaining spider location. The treatment variable overall was found 
to be significant (χ² = 36.65, df = 8, P < 0.01) (Figure 6-1). The spider-only 
treatment was found to increase the number of observations made of spiders on 
the cage structure (χ² = 10.18, df = 8, P < 0.01). Additionally, treatments 
containing spider + cloverworm and spider + cloverworm + ant, were found to 
increase the number of observations of spiders on the bottoms of leaves (χ² = 
5.10, df = 4, P = 0.02; χ² = 4.17, df = 4, P = 0.04; respectively), potentially due to 
prey (i.e. cloverworm) presence. Treatments containing any combination of 
spiders and ants were not found to influence spider location. According to the 
main effects ANOVA (Table 6-1), both ant and cloverworm presence increased 
the likelihood that spiders would be on the underside of leaves (t = 2.23, df = 1, P 
= 0.03; t = 4.01, df = 1, P < 0.01; respectively) and decreased the likelihood of 
spider presence on the cage (t = -3.64, df = 1, P < 0.01; t = -3.55, df = 1, P < 
0.01; respectively). However, there was an interaction between ant and 
cloverworm presence on spider in the main effect analysis, with an increased 
likelihood of spiders being seen on the cage instead of the plant when ants were 
present in addition to cloverworms (t = 2.81, df = 1, P < 0.01). Daily observations 
of cloverworms provided insufficient data for location analyses as cloverworms 
were difficult to observe without disturbing the system. However, based on the 
observations obtained during the course of this experiment cloverworms were 
generally located on the bottom of the soybean leaves when found.  
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6.4.2 Recovery of Cloverworms and Spiders 
No significant differences among treatments were found for the proportion 
recovered of any of the study organisms. When the final proportions of recovered 
cloverworms were compared among treatments containing cloverworms, no 
differences were found between treatments (F(3, 12) = 1.29, P = 0.32) (Figure 6-2) 
or in the main effects ANOVA (overall F(4, 15) = 0.59, P = 0.67). The same result 
was found for recovered spiders generally as compared between treatments (F(3, 
12) = 0.37, P = 0.77) and main effects (overall F(4, 15) = 0.59, P = 0.67), nor were 
there any differences among treatments based on the sex (F(3, 11) = 0.23, P = 
0.87) or stage (F(2, 2) = 0.03, P = 0.96) of the spider. No statistical differences 
were found in parasitism rates between treatments (F(3, 12) = 1.89, P = 0.19), but 
were found to be highly correlated with cloverworm presence in the main effects 
ANOVA (t = 9.25, df = 1, P < 0.01) but not by any of the predators or associated 
interaction effects.  
 
6.4.3 Molecular Gut Content Analysis of Spiders 
Of all spiders placed into field cages (n = 64), 39 were recovered on day 
four and analyzed for H. scabra DNA presence. Of these samples, 11 tested 
positive when H. scabra was present in the cage with O. salticus, but 15 tested 
positive when H. scabra was not intentionally placed in the field cages. Upon 
testing with COI primers, the samples (n= 35) were found to have DNA present, 
indicating that the samples were sound, but that the molecular gut content 
analyses of this study were inconclusive. Therefore, it remains unknown whether 
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or not O. salticus was preying upon H. scabra rather than harassing them. 
However, given the final recovery number of H. scabra, it appears that even if 
predation was occurring by O. salticus, it was not significant. 
 
6.4.4 Final Plant Damage 
The proportion of plant damage was compared among treatments (Figure 
6-3), which yielded significant variation between treatments using a Tukey HSD 
test (F(7, 152) = 5.92, P < 0.01), but parasitism rate (t = 2.03, df = 1, P = 0.06) and 
non-cloverworm herbivore presence (Acrididae: χ² = 1.16, df = 1, P = 0.28; C. 
brunnea: χ² = 0.0053, df = 1, P = 0.94) played no part in this effect. In Tukey 
HSD tests, only the treatment with ant + spider + cloverworm was significantly 
different than the soybean only control (P < 0.01). The spider + ant + cloverworm 
and ant + cloverworm treatments had significantly more damage than the spider-
only (P < 0.01; P = 0.02; respectively) and spider + ant (P < 0.01; P = 0.04; 
respectively) treatments. There was a trend of less plant damage when spiders 
alone were present with cloverworms than when ants alone were present with 
cloverworms (P = 0.08). However, when both spiders and ants were present with 
cloverworms, significantly more damage occurred than when cloverworms were 
present without the addition of any predators (P < 0.01). When the main effect 
ANOVA was analyzed (Table 6-2), similar trends were seen where cloverworm 
presence increased damage (t = 2.29, df = 1, P = 0.03) and this was exacerbated 
by an ant × cloverworm interaction (t = 2.44, df = 1, P < 0.02). However, the 
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presence of C. brunnea also increased plant damage in the main effects test (t = 
2.32, df = 1, P = 0.03). 
 
6.5 Discussion  
Given that few ants were observed actively foraging on the plants within 
non-exclusion treatments, it might be surprising that a strong ant effect was 
shown in the leaf damage data. However, the transient nature of ant scouts could 
mean that more ants would have been observed had a greater length of time 
been deployed (Wenninger et al. 2016). Alternatively, Buckley (1990) has shown 
some species of tropical ants are more apt to protect herbivores during nocturnal 
predation events which were not observed directly in this study. The survival of 
spiders and cloverworms was not influenced by ant presence, indicating that this 
interaction was not predacious but a non-consumptive interaction that altered 
spider and cloverworm behaviors in the presence of ants (Schmitz et al. 1997, 
Mestre et al. 2016). This is consistent with a previous study where another 
territorial ant, Solenopsis invicta Buren, failed to reduce either predator or pest 
abundance in cotton fields through predation (Sterling et al. 1979). Ants have 
also been shown to benefit pest species even if said species does not 
intentionally solicit ant protection via honeydew production (James et al. 1997). 
 Non-consumptive interactions between predators have been frequently 
observed; for example, Coccinella septempunctata L. (Coleoptera: Coccinellidae) 
are repelled from aphid consumption by the presence of Tetramorium caespitum 
L. and Lasius niger L. (Hymenoptera: Formicidae) via active harassment but not 
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predation (Katayama and Suzuki 2003). Spiders could have also been sensing 
chemical cues from the ants present and arresting normal predation behaviors 
for fear of ant antagonism (Clark et al. 2000). Furthermore, ant harassment of 
spiders in this experiment could be due in part to the relatively simple system 
presented to them as this same effect has been observed in laboratory studies 
examining the intraguild interactions of mirids (Tytthus vagus (Knight) 
(Hemiptera: Miridae)) and wolf spiders (Pardosa littoralis Banks (Araneae: 
Lycosidae)) (Finke and Denno 2002).  
The fact that cloverworm survival did not decrease in spider treatments 
(without ants present) indicates that the spiders could have also induced non-
consumptive behavioral shifts in cloverworms (Whitehouse et al. 2011, Rypstra 
and Buddle 2013). The consumption habits of cloverworms could diminish simply 
due to spider presence (the spiders were present and observed predating other 
small arthropods (Hemiptera: Ciccadellidae)), resulting in less leaf damage 
(Thaler and Griffin 2008). The non-consumptive effects were further 
substantiated by the spider location trends when the treatments included 
cloverworms – spiders were often found where cloverworms were likely to be 
present (i.e. undersides of leaves), indicating that the spiders were near 
cloverworms during the course of the study. Similar results to ours have been 
seen in other systems such as damsel bug effects on aphid populations despite 
prevention of predation (Nelson et al. 2004). The influential non-consumptive 
effects are still an important consideration for biological control using generalist 
predators (Ohgushi 2008) as even in the absence of predation on a pest species, 
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the presence of a predator such as our spider could alter food web interactions of 
the pest (Kéfi et al. 2012, Eubanks and Finke 2014, Majdi et al. 2014), cascading 
through the system to the benefit of crop plants (Preisser et al. 2005, Preisser 
and Bolnick 2008). 
Our results indicate that intraguild interactions are indeed occurring 
between spiders and ants within the soybean system as we predicted; when both 
predators are present simultaneously, plant damage by the pest increases. 
However, the interactions between predators and between predators and pest 
were not mediated by direct predation as we had supposed but via non-
consumptive interactions between the predators and between both predators and 
the pest species. We conclude this based on decreased plant damage despite no 
differences in spider or cloverworm survival. Furthermore, the consumptive and 
non-consumptive interactions between predators and pests can change based 
on the environmental conditions as exhibited by our ant species that inhibited 
biological control services in this study even though the same species in 
turfgrass provides substantial levels of pest suppression. 
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Table 6-1  Main effect test (ANOVA) for presence of ants (Ln) and cloverworms 
(HS) on spider location. 
Source Spider Location df t-ratio P 
Ln Leaf bottom 1 2.23 0.03 
Ln Cage 1 -3.64 <0.01 
Ln Ground 1 0.79 0.43 
Ln Stem 1 1.06 0.29 
Hs Leaf bottom 1 4.01 <0.01 
Hs Cage 1 -3.55 <0.01 
Hs Ground 1 -0.82 0.41 
Hs Stem 1 0.72 0.47 
Ln*Hs Leaf bottom 1 0.62 0.54 
Ln*Hs Cage 1 2.81 <0.01 
Ln*Hs Ground 1 -0.40 0.69 
Ln*Hs Stem 1 -0.55 0.58 
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Table 6-2 Main effect test (ANOVA) for presence of ants (Ln), spiders (Os), and 
cloverworms (Hs) on the proportion of leaf damage. 
Source df t-ratio P 
Ln 1 3.28 <0.01 
Os 1 -1.91 0.07 
Hs 1 2.64 0.01 
Ln*Os 1 -0.44 0.66 
Ln*Hs 1 2.08 0.05 
Os*Hs 1 0.81 0.43 
Ln*Os*Hs 1 -0.17 0.86 
 
 
 
 
1
3
5 
 
 
Figure 6-1 The total number of striped lynx spiders, Oxyopes salticus (Hentz), observed at each location (legend) by 
treatment containing spiders over four days. Os represents Oxyopes salticus, Ln Lasius neoniger, and Hs Hypena scabra. 
 
 
 
 
 
 
1
3
6 
 
 
 
Figure 6-2 (A) The proportion of the initial fifteen second instar green cloverworms including pupa, Hypena scabra 
Fabricius (Hs), and (B) lynx spiders, Oxyopes salticus (Hentz) (Os), per cage recovered. Ln indicates the presence of the 
cornfield ant, Lasius neoniger L. Differences between treatments were determined by the Tukey (HSD) test. 
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Figure 6-3 The proportion of leaf area damaged after four days. Ln indicates the presence of cornfield ants, Lasius 
neoniger L.; Os indicates the presence of striped lynx spiders, Oxyopes salticus (Hentz), and Hs indicates the presence of 
green cloverworms, Hypena scabra Fabricius. Lowercase letters above standard error indicate significant differences 
between treatments as denoted by the Tukey (HSD) test. 
Copyright © Hannah Joy Penn 2016
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Chapter 7 IMIDACLOPRID SEED TREATMENTS AFFECT INDIVIDUAL 
ANT BEHAVIOR AND COMMUNITY STRUCTURE BUT NOT EGG 
PREDATION, PEST ABUNDANCE, OR SOYBEAN YIELD  
 
Chapter contents submitted for publication and under review in Penn, HJ and AM 
Dale. 2016. Imidacloprid seed treatments affect individual ant behavior and 
community structure but not egg predation, pest abundance, or soybean yield. 
Pest Management Science. 
 
7.1 Summary 
Neonicotinoid seed treatments are under scrutiny because of their variable 
efficacy against crop pests and for their potential negative impacts on non-target 
organisms. Ants provide important biocontrol services in agroecosystems and 
can be indicators of ecosystem health.  This study tested for effects of exposure 
to imidacloprid plus fungicide or fungicide treated seeds on individual ant 
survival, locomotion and foraging capabilities, and on field ant community 
structure, pest abundance, ant predation, and yield. Cohorts of ants exposed to 
either type of treated seeds had impaired locomotion and a higher incidence of 
morbidity and mortality but no loss of foraging capacity. In the field, we saw no 
difference in ant species richness regardless of seed treatment. Blocks with 
imidacloprid did have higher species evenness and diversity, probably due to 
variable effects of the insecticide on different ant species, particularly 
Tetramorium caespitum. Ant predation on sentinel eggs, pest abundance, and 
soybean growth, and yield were similar in both treatments. Both seed treatments 
had lethal and sublethal effects on ant individuals, and the influence of 
imidacloprid seed coating in the field was manifested in altered ant community 
composition.  Those effects, however, were not strong enough to affect egg 
predation, pest abundance, or soybean yield in field blocks.    
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7.2 Introduction 
Increased use of neonicotinoid insecticides for agricultural pest protection 
has led to concerns about their potential effects on non-target species (Bortolotti 
et al. 2003, Bonmatin et al. 2005, Blacquiere et al. 2012, Douglas and Tooker 
2015, Rundlof et al. 2015, Thompson et al. 2015). One of the most contentious 
uses of neonicotinoids is via seed treatments because of their widespread use 
and potential for residues to be translocated into nectar and pollen and for dust 
particles from treated seed to drift during planting, both of which could harm 
pollinators, natural enemies, and other non-target species (Blacquiere et al. 
2012, Gibbons et al. 2015, Li et al. 2015, Pecenka and Lundgren 2015, Rundlof 
et al. 2015, Zhu et al. 2015). Efficacy of neonicotinoid seed treatments has also 
been questioned. One EPA report concluded that neonicotinoid seed treatments, 
used on 31% of the soybeans grown in the United States, provide little to no 
benefit as far as soybean pest control (Myers and Hill 2014), but that conclusion 
may not apply to all soybean-growing regions within the US. For example, 
neonicotinoid seed treatments were determined to be economically viable for 
pest control in mid-south soybeans (North et al. 2016). Kentucky is at the border 
of the mid-south and mid-west regions and contains soybean pests similar to 
both regions. Therefore, it is unknown whether or not either of these reports can 
be relied upon for soybean pest management within Kentucky especially since 
current seed treatment recommendations in the area do not pertain to 
neonicotinoids (Johnson 2016). 
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Although sprayed neonicotinoids can be an immediate hazard to non-
target arthropods (Stanley and Raine 2016), persistence of residues has the 
potential to impact non-targets indirectly for several months or longer (Sánchez-
Bayo et al. 2007, Zhang et al. 2015). Neonicotinoids from seed treatments have 
the potential to permeate the surrounding environment (i.e. soils, water bodies, 
non-target plants) of a crop field (Krupke et al. 2012, Schaafsma et al. 2016); 
they have been documented in dust (Pistorius et al. 2015), plant guttation 
(Girolami et al. 2009), and surface waters (Huseth and Groves 2014, Main et al. 
2014). The longevity of neonicotinoids varies by active ingredient, as well as by 
abiotic conditions, with imidacloprid being one of the longest lasting within the 
environment (Liu et al. 2011, Limay-Rios et al. 2016). 
Environmental infiltration of neonicotinoids has the potential to impact 
natural enemies and pollinators while disrupting their services to agroecosystems 
(Goulson 2013, Godfray et al. 2014, Chagnon et al. 2015). Ants (Hymenoptera: 
Formicidae) are common predators of pests and weed seeds in crop fields and 
other disturbed habitats, and they also are bioindicators of ecosystem health 
(Matlock and de la Cruz 2003, Cantagalli et al. 2014). As many temperate ant 
species are ground-nesting, there is the potential for neonicotinoid soil infiltration 
to negatively affect them through ingestion or environmental exposure (Rondeau 
et al. 2014). Neonicotinoids can be very effective at controlling ant populations 
via oral baits (Lopatina and Eremina 2010) and as sprays in urban and turf 
ecosystems (Wang et al. 2015a); however, little is known about how ant 
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communities will interact with neonicotinoids applied as seed treatments in 
agroecosystems. 
In this study, we determined how exposure to imidacloprid via seed 
dressing impacts individual ant survival and behavior (i.e., distance traveled and 
foraging success), in-field predation on pest eggs, and ant community richness, 
evenness, and diversity in soybeans. We also examined mid-season pest 
abundance and yield in response to the neonicotinoid addition in field conditions. 
We expected to find both lethal and sublethal impacts imidacloprid on the ants, 
resulting in a reduction of ant-mediated predation and community diversity. 
Additionally, as Kentucky has many similar pests to the mid-south (including the 
three-cornered alfalfa hopper, Spissistilus festinus (Say) (Hemiptera: 
Membracidae)), we expected the neonicotinoids to effectively control pest 
populations, increasing soybean yields.  
 
7.3 Experimental Methods 
7.3.1 Assessment of Lethal and Sublethal Effects in the Laboratory 
 Five colonies of Tetramorium caespitum L. (Hymenoptera: Formicidae), a 
common ant species in Kentucky soybean fields, were excavated from the 
Spindletop Research Farm, Lexington, Kentucky, U.S.A., and allowed to settle 
into individual 19-liter buckets before testing. Colonies had access to water and 
were fed a diet of honey, peanut butter (ALDI, Inc., Batavia, Illinois, U.S.A.), and 
freshly killed adult Drosophila melanogaster Meigen (Diptera: Drosophilidae). All 
colonies were maintained under controlled conditions of 25 ± 1 °C, 65 ± 5% RH, 
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and 14: 10 L:D cycle. Multiple cohorts of three ants from one of five colonies 
(drawn from equally) were selected from active foragers and randomly assigned 
a right leg (front, middle, or rear) to be amputated so that the individual ants 
could be tracked through the experiment.(Walker and Wineriter 1981) Ants were 
chilled in a refrigerator (1.6 °C) for 10 min before the leg was removed at the 
femur with sterilized dissecting scissors. Ants were allowed to groom themselves 
and acclimate to the newly amputated condition for 5 min. Generalized method 
order is depicted in Figure 7-1 Diagram of replication and steps involved in the 
testing via exposure and behavioral assays of lethal and sublethal effects of seed 
treatments on Tetramorium caespitum L. 
 
7.3.1.1 Pre- Exposure Behavioral Assay 
A randomized subset of 75 ants (one per cup) designated for foraging 
behavior assays was observed before treatment exposure of 48 h. To conduct 
each test, inner walls of a clean petri dish (12 cm diameter) were painted with 
Fluon® (INSECT-a-SLIP, BioQuip Product, Inc., Rancho Dominguez, California, 
USA) to keep ants on the bottom of the dish for accurate 2D distance 
measurements. The dish was placed on top of graph paper where the cell size (1 
× 1 cm) was approximately equivalent to the average ant body length. A food 
source (20 µl sugar water) was pipetted on one side of the dish (determined at 
random) to promote ant foraging. The selected ant was placed opposite the food 
source under a clean plastic vial (5 ml) and allowed 5 min to adjust to the petri 
dish. Vials were removed and ants were given 10 min during which the number 
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of lines crossed per minute was recorded as well as the time it took the ant to 
find (initial antennation of the droplet) and to consume (initial contact of 
mouthparts with droplet) the sugar water.  
 
7.3.1.2 Exposure Assay 
To determine if the neonicotinoid exposure induced lethal or sublethal 
reactions in T. caespitum, arenas were constructed of small condiment 
containers (60 ml) where the lids were pierced with a sewing needle 16 times to 
prevent condensation while maintaining adequate humidity for ant survival. 
Autoclaved sand was provided as a substrate (2.5 cm deep) and was dampened 
by the addition of 5 ml of distilled water. Each container was provided with a 
cotton ball of sugar water as a food source. Three seeds (same seeding rate as 
field component) were placed on top of the sand for ant exposure in the two seed 
treatments while the control contained only sand. Seeds were glyphosate-
resistant soybeans (Fabales: Fabaceae, Glycine max (L.) Merr., Roundup Ready 
2 Yield, Monsanto Asgrow variety AG4433) with Accerleron fungicide 
(fluxapyroxad, metalaxyl, and pyraclostrobin) seed treatment (Monsanto, St. 
Louis, Missouri) with half also treated with a neonicotinoid (imidacloprid) applied 
at a rate of 1.2 ml kg-¹ seed by a seed supplier (Southern States Cooperative, 
Richmond, Virginia). 
Following the pre-exposure behavior assay, all ants (n = 225 ants total) 
were placed into the containers for exposure to the seed treatments and 
observed then placed on their backs at 1, 2, 3, 4, 5, 24, and 48 h. Three ants 
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from the same colony were placed into each cup (n = 25 cups treatment-1) with 
colony source being evenly distributed between the cups. During each time point, 
each ant was classified as dead (D), intoxicated (I) as indicated by sluggish 
movements and inability to right itself and leg/antennae twitching, or normal (N) 
as indicated by standard foraging/digging behaviors and ability to immediately 
right itself after being turned over (Kunkel et al. 2001). The ant status at 48 h was 
regressed against treatment with the colony of origin as a random effect using 
multinomial logistic regression in JMP 12.0 (SAS Institute, Cary, North Carolina). 
Fisher’s Exact Pairs test was used to compare the proportion of each 
classification with each seed treatment combination. 
 
7.3.1.3 Post- Exposure Behavioral Assay 
The previously tested sub-set of 75 (46 survived) ants designated for 
foraging behavior assays was observed after treatment exposure of 48 h. The 
change in the number of lines crossed per minute by each ant (from pre- to post-
exposure) was regressed with treatment where the colony of origin was a 
random effect with a GLM. The difference in time it took the ants to find and 
consume the food source from pre- to post-exposure was analyzed in the same 
fashion.  
 
7.3.2 Field Experiments  
Field sites were located at the University of Kentucky Spindletop Research 
Farm (GPS coordinates 38° 7' 37.2" N, 84° 30' 28.7994" W) and were planted 
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with soybeans after a season of conventionally-managed field corn treated with 
Poncho 250 at a rate of 0.25 mg clothiadin kernel-¹. All plots were planted on 8 
May 2015, with a row width of 76 cm.(Lee and Herbek 2011) Plots (n = 4; 45 × 
25 m) were no-till and full-season, with the same seeds used in the laboratory 
experiment. Plots were split in half (15.25 × 15.25m) using a randomized block 
design to receive imidacloprid. A buffer of four rows without the addition of 
imidacloprid was planted around and between the blocks to reduce edge effects.  
 
7.3.2.1 Insect Sampling 
 All sampling locations were located a minimum of 3 m into the treatment 
block to further reduce edge effects. Wet pitfall traps (n = 16 block-1) for sampling 
the ant community in a grid pattern across the field consisted of plastic cups (dia. 
9.5 cm, depth 12 cm), containing 5 cm of ethylene glycol and covered with foam 
plates for rain protection (dia. of 22 cm), and were set for 7-d intervals (VC, V1, 
and R2 plant stages). Once soybean plants reached the R2 stage, sweep net 
samples (10 figure-8 sweeps) for pests were also taken (R2, R3, and R4 stages) 
at each grid location (Johnson et al. 2015). All samples were then stored in 95% 
ethanol in twist-top bags until sorted; the contents of the pitfall samples were not 
pooled with those of the sweep samples. 
Soybean pests (with the exception of grasshoppers (Orthoptera: 
Acrididae) and weevils (Coleoptera: Curculionidae)) and ants were identified to 
the species level using representatives from the University of Kentucky 
Entomology Museum collection previously identified by Gary Coovert together 
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with the Ants of Ohio identification guide (Coovert 2005). The abundances of 
collected ants and pests were recorded for each sampling location on each date 
per field. Additionally, the communities were analyzed in terms of species 
richness (total number of species found per sample per time), evenness, and 
Shannon diversity (McCune and Grace 2002). Species abundance, richness, 
evenness, and diversity were regressed against plot as a random effect, sample 
date for repeated measures, and treatment in JMP 12.0 using the generalized 
linear model (GLM) function and Poisson distribution with log link for count data 
and a normal distribution for community composition metrics.  
 
7.3.2.2 Estimating Ant Predation in the Field 
To estimate the potential influence of imidacloprid seed treatments on ant 
predation, the removal rates of sentinel egg masses were observed.(Larson et al. 
2012) Black cutworm, Agrotis ipsilon (Hufnagel) (Lepidoptera: Noctuidae), eggs 
were ordered from Benzon Research (Carlisle, Pennsylvania). Groups of 10 eggs 
on fabric pieces were placed on wooden stakes (15.2 × 3 × 0.25 cm)  using 
double-sided tape and placed in two equidistant rows parallel to field rows (5 
stakes row-1) within each block, such that the egg masses were about 3 cm 
above the ground. As a control for non-ant-mediated egg removal, petroleum jelly 
was applied to the base of three other stakes with attached eggs and placed 
between the two testing rows. Egg masses were placed in the field at soybean 
stage R3 (Mueller and Sisson 2016) and left for 24 hours after which, the number 
of eggs removed was recorded. During the first 5 h in the field, the egg masses 
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were observed every hour, and the arthropods on the egg masses were identified 
to the lowest possible level. The experiment was modified and rerun at soybean 
stage R4 with the final egg count occurring after only 5 h to gain greater 
resolution for short-term predation rates. The number of eggs remaining was 
analyzed in relation to treatment with plot and date as random effects, using JMP 
12.0 (SAS Institute, Cary, North Carolina) using GLM with a normal distribution. 
The rate at which ants discovered the egg masses during both of the 5 h 
observation periods was analyzed using Cox proportional hazard regression, and 
the treatments were compared using a survival log-rank test in JMP 12.0. 
 
7.3.2.3 Plant Growth and Yield 
The growth stage of plants of each plot was recorded at the same time as 
sample collections and predation assays. Soybeans were harvested on 3 
November 2015, after they reach about 13% moisture content, using a plot 
combine (Wintersteiger HCGG+HM800, Ried im Innkreis, Austria). The soybean 
yield was calculated based on three sub-samples of four rows evenly spaced in 
each plot (12 rows harvested plot-1). Kilograms per hectare were recorded and 
adjusted for weight using moisture content. The final yield was compared 
between treatments with the plot as a random effect using JMP 12.0 using a 
GLM with a normal distribution, and treatment effects were compared post-hoc 
using a t-test.  
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7.4 Results 
7.4.1 Lethal and Sublethal Effects in the Laboratory 
When T. caespitum was exposed to seeds in the laboratory the ants 
suffered significantly more intoxication and mortality from both types of treated 
seeds compared to the control (Fisher’s Exact Pairs, df = 2, P < 0.001; Figure 
7-2).   Mortality was higher from exposure to the fungicide-only treatment than 
from exposure to the seeds treated with fungicide plus imidacloprid (Fisher’s 
Exact Pairs, df = 2, P < 0.0001; Figure 7-2).  Cohorts of ants exposed to non-
treated seeds had more normally functioning individuals than did those exposed 
to either of the seed treatments (Fisher’s Exact Pairs, control versus fungicide; df 
= 2, P < 0.0001; Fisher’s Exact Pairs, control versus imidacloprid + fungicide; df 
= 2, P < 0.001). Exposure to treated seeds also caused sublethal impairment of 
ants’ behavior.  Ants exposed to non-treated seeds experienced no significant 
change in activity (distance traveled, measured as lines crossed per minute) from 
pre- to post-exposure (error encompassed zero).  Ants exposed to either type of 
seed treatment were less active, crossing fewer lines per minute (Figure 7-3). 
However, only the fungicide treatment was statistically lower than the control 
(Fisher’s exact test, df = 2, P = 0.043).  There were no treatment effects on 
foraging success (F = 0.89; df = 2, 7; P = 0.41) or consumption time (F = 2.06; df 
= 2, 7; P = 0.22). 
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7.4.2 Ant Community Composition 
Ant abundance was similar in the fungicide seed treatment and the 
fungicide + imidacloprid treatments blocks (χ² = 0.08, df = 1, P = 0.77). However, 
there was a date effect (χ² = 2164, df = 1, P < 0. 01), with the overall number of 
ants declining as the season progressed.  Additionally, certain blocks had greater 
abundance of specific species (χ² = 32.28, df = 1, P < 0.01), indicating a location 
effect.  Individual species were analyzed for treatment influences on abundance, 
and for half of them there was no influence (Table 7-1 Regression results per ant 
species when seed treatment (imidacloprid and fungicide) are taken into 
consideration with sampling date. However, for the 8 of 16 species that did 
exhibit treatment effects, where the parameter estimate was either positive (L. 
neoniger, P. tysoni, S. molesta) or negative (A. rudis, M. americana, N. 
faisonensis, P. dentata, and T. caespitum). Although there was a date effect (χ² = 
196, P < 0.01), when ant species richness was analyzed in relation to treatment, 
no associations were found (χ² = 0.003, P = 0.96). However, there were 
significant treatment and date effects on both evenness (Treatment, χ² = 21.7, P 
< 0.01; Time, χ² = 38.4, P < 0.01) and Shannon diversity (Treatment, χ² = 5.72, P 
= 0.02; Time, χ² = 95.8, P < 0.01) of the ant communities (Error! Reference 
source not found.).  Presence of the imidacloprid seed treatment increased 
both metrics, and both were decreased at later dates, with diversity showing a 
date by treatment interaction (χ² = 5.25, df = 1, P = 0.022). 
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7.4.3 Pest Abundance  
No significant pest or disease damage was noted after planting until 
harvest. No differences were found in overall pest abundance (χ² = 1.08, df = 1, 
P = 0.30), richness (χ² = 0.04, df = 1, P = 0.84), evenness (χ² = 0.12, df = 1, P = 
0.73), or diversity (χ² = 0.06, df = 1, P = 0.81) between neonicotinoid treated and 
untreated blocks. The most abundant pests did not differ by treatment (Table 7-2 
Regression results per pest species when seed treatment (imidacloprid and 
fungicide) are taken into consideration with sampling date.. Soybean aphid 
(Hemiptera: Aphididae, Aphis glycines Matsumura) was not observed in the field 
until soybeans reached R7 and was not included in the analyses because its 
activity was outside of the sampling times.  The three-cornered alfalfa hopper, 
Spissistilus festinus (Say) (Hemiptera: Membracidae), another relatively common 
pest of soybeans that is targeted by neonicotinoid seed treatments, also was not 
observed during this study.  
 
7.4.4 Predation 
Lasius neoniger Emery, Pheidole tysoni Forel, Solenopsis molesta (Say), 
and T. caespitum were the most commonly observed ant species preying on the 
sentinel egg masses.  Aphaenogaster rudis Emery was also observed feeding on 
the eggs during the 5-h observation periods.  The time before some ants 
discovered the egg masses ranged from 1–5 h, and was unaffected by treatment 
at readings taken 5 h (χ² = 1.75, df = 1, P = 0.19) and 24 h (χ² = 2.04, df = 1, P = 
0.15) after eggs were placed in the field (Figure 7-5).  There were no treatment 
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differences in numbers of eggs remaining after 5 h (t = -0.69, df = 1, P = 0.49) or 
24 h (t = 0.89, df = 1, P = 0.38; Figure 7-5). 
 
7.4.5 Plant Growth and Yield 
  Rate of plant growth did not differ at all, therefore, no statistical analyses 
were run. When soybean yields were regressed against treatment, there were no 
treatment differences (F = 0.16; df = 1, 23; P = 0.70) or block effects (F = 1.26; df 
= 3, 21; P = 0.33).  
 
7.5 Discussion 
Several previous studies have documented that insect susceptibility to 
neonicotinoids is dependent upon dosage, exposure route, and species. 
Exposure to neonicotinoids may kill insects outright or may cause altered 
behaviors via sublethal effects (Barbieri et al. 2013, Galvanho et al. 2013), 
potentially including foraging (Thiel and Kohler 2016). When we exposed T. 
caespitum in the laboratory to field dosages of imidacloprid on fungicide-treated 
seeds, the ants’ mobility was impaired. The fungicide itself used on seed 
treatments had lethal effects and sublethal influences on ant movements, 
indicating potentially strong non-target effects on ant communities. Fungicides 
have been reported to cause death and altered foraging/nesting behaviors in 
other insects but have not been well studied on ants especially when used in 
conjunction with insecticides (Chalfant et al. 1977, Yang et al. 2011, Bozdogan 
2014, Artz and Pitts-Singer 2015, Obear et al. 2015). As the foraging time and 
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success rates were not impacted in either the laboratory or field assays (Thiel 
and Kohler 2016), these sublethal effects from imidacloprid and fungicides might 
impact ant colonies in other ways such as their ability to reproduce or longevity 
and aggression of a colony (Desneux et al. 2007, Cantagalli et al. 2014, Wang et 
al. 2015b, Thiel and Kohler 2016). Additionally, while no differences in overall ant 
predation on eggs were seen in the field component of this study, they could 
exist on a species level.  
Species-level interaction differences with imidacloprid were seen in how 
ant species’ abundances responded to seed dressing with this neonicotinoid. 
Although some species were not affected, pitfall trap captures of others 
increased or decreased with the addition of imidacloprid to the system. The 
divergent reactions of these species could be due to ecological patterns of 
particular species in relation to nesting proximity to treated seeds or dietary 
preferences. Ants known to tend aphids and scales (i.e. L. neoniger and M. 
minimum) were not negatively impacted by the imidacloprid seed dressing 
despite aphids being among the targeted pests of this insecticide. However, no 
aphids were found in the field until R7, although they were tended by these 
species after that time. 
With the exception of T. caespitum, activity-density of ant species (L. 
neoniger, S. molesta, and P. tysoni) that are generally regarded as relatively 
tolerant of disturbance (McGlynn 1999, Buczkowski and Richmond 2012) was 
not affected by the addition of the imidacloprid seed dressing in the field. Nesting 
preferences (commonly observed nesting in corn stalk residue) or general ability 
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to react to toxin may have impacted T. caespitum’s ability to recover from seed 
treatment exposure; however, neither are well studied especially in comparison 
to other common ant species. As T. caespitum is generally very competitive 
towards other ants and even ground-nesting bees (Schultz 1982), the decrease 
in its abundance might have provided release from competition for the other ant 
species present, resulting in an increase in their activity-density. This would also 
account for the significant changes in both ant evenness and diversity without 
changes to the total number of species present (richness) (DeJong 1975, Smith 
and Wilson 1996). Imidacloprid is only active for a few weeks after planting within 
the plant itself; potentially, this small exposure window is not adequate (Kunkel et 
al. 1999, Zenger and Gibb 2001b, Pretorius 2014) to induce larger immediate 
shifts in ant communities (Liu et al. 2011, Jones et al. 2014, Schaafsma et al. 
2016, Xu et al. 2016). But the changes in ant community composition seen in this 
study suggest some field-level impact on ants. 
Given that the treatments had no influence on pest abundance and 
soybean yields, and that imidacloprid has the potential to harm other beneficial 
organisms including ground beetles, pollinating Hymenoptera, and earthworms 
(Stapel et al. 2000, Li et al. 2015, Yao et al. 2015), those risks need to be 
considered to determine if the benefits of neonicotinoid seed treatments are 
worth the costs. The apparent lack of pest reduction or yield increase in our study 
mirrors the original EPA impact report (Myers and Hill 2014) which questions if 
neonicotinoid seed treatments for soybeans provide sufficient benefit to warrant 
their use. However, as the field component of this study only spanned one year 
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in one geographic location, the results cannot be generalized. Most (8/10) of the 
collected pests in this study are not usually targeted by neonicotinoid seed 
treatments especially after the plants reach R2, which is consistent with pest 
management practices in other Midwestern states (Myers and Hill 2014). 
However, warmer growing seasons in the future might affect the types of pests 
present and the speed at which they colonize soybeans, potentially changing the 
cost-benefit of use of insecticide-treated seeds in Kentucky.  
This study indicated that both imidacloprid and fungicides can have lethal 
and sublethal impacts on ant communities. Individual ant survival and mobility 
were negatively impacted by both seed treatments, but did not alter foraging 
ability. The field trials indicated that these effects could result in a community 
composition shift where more susceptible species decrease in abundance. 
However, this community shift, at least in the short term, did not cause different 
predation rates on sentinel egg sticks or overall changes in yield.
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Table 7-1 Regression results per ant species when seed treatment (imidacloprid and fungicide) are taken into 
consideration with sampling date. 
 
Intercept = Fung. 
 Seed 
Treatment 
   
Time 
  
 
Ant Species 
Mean Abundance 
/ Sample 
Parameter 
Estimate 
 
χ² (df) 
 
P-value 
Parameter 
Estimate 
 
χ² (df) 
 
P-value 
All Ants 13.28 0.01 0.08 (1) 0.77 -0.87 2164 (1) < 0.01 
Aphaenogaster rudis 0.22 -0.20 3.12 (1) 0.08 -1.59 84.08 (1) < 0.01 
Camponotus americanus 0.003 9.60 1.39 (1) 0.24 -18.39 2.20 (1) 0.14 
Camponotus pennsylvanicus 0.003 9.60 1.39 (1) 0.24 -18.39 2.20 (1) 0.14 
Formica biophilica 0.16 -0.02 0.03 (1) 0.85 -1.65 64.43 (1) < 0.01 
Formica subsericea 0.02 -0.15 0.16 (1) 0.69 -18.22 15.46 (1) < 0.01 
Hypoponera opacior 0.02 -0.35 0.69 (1) 0.41 0.24 0.51 (1) 0.63 
Lasius neoniger 5.06 -0.05 5.23 (1) 0.02 -1.05 1114 (1) < 0.01 
Myrmecina americana 0.01 9.73 4.16 (1) 0.04 8.6e-15 3.6e-15 (1) 0.99 
Myrmica latifrons 0.09 0.29 2.87 (1) 0.10 -0.48 4.87 (1) 0.03 
Nylanderia faisonensis 0.18 0.25 4.23 (1) 0.04 -0.62 16.01 (1) < 0.01 
Pheidole dentata 0.08 1.30 25.65 (1) < 0.01 -1.20 20.51 (1) < 0.01 
Pheidole dentigula 0.01 -0.69 1.92 (1) 0.17 -0.64 1.23 (1) 0.27 
Pheidole tysoni 2.85 -0.28 83.66 (1) < 0.01 -0.61 249.1 (1) < 0.01 
Ponera pennsylvanica 0.01 9.33 6.87 (1) 0.01 -0.01 0.00 (1) 0.99 
Solenopsis molesta 0.18 -0.58 19.39 (1) < 0.01 -0.27 3.24 (1) 0.07 
Tetramorium caespitum 4.40 0.21 72.84 (1) < 0.01 -0.87 709.1 (1) < 0.01 
 
 
  
 
156 
 
Table 7-2 Regression results per pest species when seed treatment (imidacloprid and fungicide) are taken into 
consideration with sampling date. 
 
Intercept = Fung. 
 Seed 
Treatment 
   
Time 
  
 
Pest Species 
Mean Abundance 
/ Sample 
Parameter 
Estimate 
 
χ² (df) 
 
P-value 
Parameter 
Estimate 
 
χ² (df) 
 
P-value 
All Pests 13.96 0.03 1.08 (1) 0.30 -0.07 4.53 (1) 0.03 
Acrididae 0.83 0.18 2.43 (1) 0.11 -0.06 0.18 (1) 0.67 
Cerotoma trifurcata 2.12 0.07 1.03 (1) 0.31 -0.18 4.27 (1) 0.04 
Chinavia hilaris 1.37 -0.07 0.44 (1) 0.51 0.63 30.46 (1) < 0.01 
Colaspis brunnea 0.52 -0.14 0.39 (1) 0.53 -1.37 41.69 (1) < 0.01 
Curculionidae 0.99 0.01 0.01 (1) 0.91 0.72 28.05 (1) < 0.01 
Diabrotica unidecimpunctata 0.22 0.27 1.26 (1) 0.26 0.46 2.58 (1) 0.11 
Euschistus servus 0.07 0.15 0.14 (1) 0.71 -0.48 0.98 (1) 0.32 
Hypena scabra 1.52 0.05 0.15 (1) 0.70 -1.13 92.71 (1) < 0.01 
Popillia japonica 6.27 -0.01 0.03 (1) 0.86 -0.01 0.02 (1) 0.88 
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Figure 7-1 Diagram of replication and steps involved in the testing via exposure 
and behavioral assays of lethal and sublethal effects of seed treatments on 
Tetramorium caespitum L. 
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Figure 7-2 The proportion of ants (Tetramorium caespitum L.) classified as normal, intoxicated (unable to right itself and 
excessive grooming), or dead after 48 h exposure to seed treatments in the laboratory. 
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Figure 7-3 Change in the average number of lines crossed per minute over 10 min between pre- and post-exposure by 
ants (Tetramorium caespitum L.) as an indication of sublethal impacts of imidacloprid on ant behavior.  
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Figure 7-4 Ant community composition metrics –species richness, evenness, and Shannon diversity – as observed 
between seed treatments in the field. 
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Figure 7-5 (A) Survival log-rank curves for ant (Formicidae) discovery time of egg masses within 1-5 h of exposure in the 
field and (B) Number of black cutworm (Agrotis ipsilon (Hufnagel)) eggs surviving in the field after 5 h. 
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Chapter 8  CONCLUSIONS AND BROADER IMPACTS 
 
Within this dissertation, I evaluated how land covers at multiple scales can 
impact ant and spider community abundance and diversity in soybeans in addition 
to the subsequent spatial and temporal associations with insect pest species. I 
have shown that molecular gut content analyses via PCR can be an effective way 
of monitoring ant predation even when honeydew producing insects are present 
and that these predation events correspond with the spatial and temporal 
associations with pest species. However, ant interactions can influence pest 
behavior rather than suppress pest abundance, causing a non-trophic cascade 
through the system, potentially increasing plant damage. Finally, I have shown that 
commonly used imidacloprid and fungicide soybean seed treatments can impact 
ant survival, behavior, and community composition but this does not impact short 
term predations rates in soybeans. 
The first hurdle to researching these topics was the evaluation and 
optimization of the molecular gut content techniques employed (Gadau 2009). 
Initially, I found that field collected ants such as Tetramorium caespitum were not 
producing adequate PCR results based on observed feeding activity (Penn et al. 
2016). I found an optimal method of preventing such false negatives by the 
dissection of the crop contents and the addition of bovine serum albumin (BSA) to 
ensure that all field collected samples were not wasted (Chapter 2). The next step 
to effective molecular gut content analysis of ants was to determine if honeydew, 
commonly eaten by many ants, contained aphid DNA, potentially providing a false 
positive for the gut content analyses. However, these fears were put to rest in 
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Chapter 3 (Penn and Harwood 2016). These two chapters of this dissertation have 
addressed complications associated with molecular gut content analysis of ants, 
allowing for me to use these techniques for my field studies. 
Much of this dissertation used Spatial Analysis by Distance IndicEs (SADIE) 
to determine ant and spider spatial correlation with soybean pest species (Penn In 
prep., Penn et al. In review). By using this technique, based in the popular Kriging 
method but incorporating right-tailed biased count data, I determined if it was worth 
testing field-collected predators’ guts for pest species’ DNA. For instance, if ant 
never encountered a grape colaspis beetle in the field (i.e. no overlap both spatially 
and temporally), then it is a waste of resources to use molecular gut content 
analysis to determine if predation occurred. By using SADIE, I have further 
confirmed the prior research that estimating the significant spatial and temporal 
correlation of populations is useful to determining the likelihood of predation events 
particularly when coupled with molecular techniques. 
Based on Chapter 4 and Chapter 5 results, it appears to be possible to 
manage multiple predators and pest species within agroecosystems 
simultaneously. For instance, ants responded most to land covers at a 0.5 km 
scale whereas spiders and pests could easily be manipulated by on-farm land uses 
such as field margins. Additionally, the specific land covers influencing predators 
and pests are compatible. For instance, ant diversity and abundance benefitted 
from the addition of pasture to the broader landscape, which increased within field 
spatial overlap of ants to pests. This same area, weedy/grassy patches, also 
benefited spider spatial overlap with pests early in the season, indicating that 
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incorporating relatively undisturbed grassy areas are beneficial to crop production. 
The same holds true for wooded areas which increase spider abundance but 
decrease pest abundance within the fields. In addition, such landscape 
manipulations not only benefit growers in terms of pest suppression but also have 
been shown to decrease soil erosion from wind and rain run-off (Pimentel et al. 
1995, Nelson et al. 1998). From my personal conversations with Kentucky soybean 
growers, many are removing wooded areas and pastures from their farms to 
increase ease of access into the current field sites and to obtain tax incentives at 
the state level. This removal is costly to them and could in fact be detrimental to 
the sustainability of their farmland (Barberi et al. 2010, Batary et al. 2011). Further 
research into the synergies such landscape components have with crop 
production, environmental conservation for recreation (i.e. hunting and birding) 
and restoration (EPA incentives), and aesthetics could persuade land managers 
to maintain such areas to the benefit of biological control initiatives (Pimentel et al. 
1992, Donald and Evans 2006, Henderson et al. 2012). 
Synergies between predators are not always possible, so even though both 
ants and spiders appear to be manipulated by landscapes, they still might interfere 
with each other in the field. According to the field cage study in Chapter 6, we saw 
that Lasius neoniger was in fact increasing damage done by the green cloverworm, 
Hypena scabra, even in the presence of another common predator –Oxyopes 
salticus. These interactions might be species specific and vary given different 
microhabitats (available corn husks versus fully tilled soil or very weedy areas 
versus highly controlled fields). This study also revealed that both ant and spider 
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influences on soybean pest species are not necessarily consumptive but behavior 
modifying. Given our knowledge about the SADIE data where ants, spiders, and 
pests overlap, this might contribute to the plant damage control seen in the field. 
So, predators such as ants and spiders might be consuming prey (as seen in 
Chapter 4) but also altering prey behaviors that diminish plant damage. However, 
these behavior alternations go both ways, and the positive influence of ant 
predation and spider presence might change when ants induce spider behavioral 
differences. 
Finally, ant behavioral alterations do not always manifest in diminished 
predation on pest species when such alterations are induced by soybean seed 
treatments (Chapter 7)(Penn and Dale In revision). This is an example of a 
landscape-wide practice since most soybeans grown in the US have either 
fungicide or imidacloprid applied to their coats (Myers and Hill 2014, North et al. 
2016) and impacts ant community composition. Therefore, when determining 
landscape influences on ant communities, simply considering land cover is 
insufficient. Land use and management is also a consideration. This can be seen 
in other systems where tillage regimes have been found to greatly alter ant 
diversity (Peck et al. 1998, Pretorius 2014, Tamburini et al. 2016). In the future, 
integrating knowledge of land cover, land use, community spatial trends, and 
intraguild interactions in order to fully understand generalist predation by ants and 
spiders, to contribute to pest suppression in an economically meaningful way 
(Harwood et al. 2009, Choate and Drummond 2011, Phillips and Gardiner 2016). 
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This dissertation has combined techniques and principles of landscape 
and molecular ecology in order to gain a more realistic understanding of how to 
implement conservation biological control using generalist predators in a 
soybean system. At the time of writing, this dissertation represents one of the first 
successful published attempts to integrate molecular gut content analysis with 
mapping of the spatial and temporal overlaps of predators and pests. 
Additionally, it is one of the few successful uses of molecular gut contents using 
ants (Hymenoptera: Formicidae) as the targeted generalist predator and was 
only made possible by the molecular methods developed herein. This 
dissertation also reveals the intraguild interactions between two generalist 
predators and how to manipulate their within field abundances based on land 
cover management at different spatial scales. The combination of methods and 
the integration of land use (neonicotinoid seed treatments) in conjunction with l 
and land cover will prove to be useful in future sustainable management of 
farmscapes for pest control and non-target effect remediation as long as grower 
buy-in can be obtained. 
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• Science Fair Judge (grades 6-8), Keystone Heights Science Fair, 2011 
• Explorium of Lexington, Insect Presentations, 2011-2014 
• Bug Walk, UK Arboretum, 2013, 2014, 2016 
• Scott County, KY Library, Insect Presentation, 2013 
• Caterpillar Outreach (grades K-12) Insect Presentations, 2011 
• UF Bug Fest Insect Festival, 2011 
• Gator Encounter (grades 9-12) Insect Presentation, 2011 
• IDEAL Fair (grades 9-12) Insect Presentation, 2011 
• Terwilliger Elementary School (grades 1-2) Insect Presentations, 2010 
 
Professional Societies: 
• Kansas Entomological Society, 2015-present  
• Kentucky Academy of Science, 2014-present  
• Ohio Valley Entomological Association, 2013-present  
• UK Chapter, Gamma Sigma Delta, Honor Society of Agriculture, 2013-
present  
• International Organization of Biological Control, 2012-present  
• Entomological Society of America, 2003-present  
• Florida Entomological Society, 2006-2011  
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Research and Extension Publications: 
Penn, HJ, KJ Athey, and BD Lee. Land cover diversity increases predator spatial 
aggregation to prey and consumption. Ecology Letters (in review). 
Penn, JM, HJ Penn, MF Potter, and W Hu. 2016. Bed bugs and hotels: Traveler 
insights and implications for the industry. American Entomologist (in 
review). 
Penn, HJ and AM Dale. 2016. Imidacloprid seed treatments affect individual ant 
behavior and community structure but not egg predation, pest abundance, 
or soybean yield. Pest Management Science (in revision). 
Penn, HJ, EG Chapman, and JD Harwood. 2016. Overcoming PCR Inhibition for 
Ant DNA Gut Content Analysis. Environmental Entomology (doi: 
10.1093/ee/nvw090). 
Athey, KJ, J Dreyer, KA Kowles, HJ Penn, MI Sitvarin, and JD Harwood. 2016. 
Spring Forward: Molecular detection of early season predation in 
agroecosystems. Food Webs (doi:10.1016/j.fooweb.2016.06.001). 
Penn, HJ and JD Harwood. 2016. Detection of DNA in aphid honeydew: A 
source of error for molecular gut content analysis? Journal of the Kansas 
Entomological Society, 89(1), 85-91. 
Penn, HJ. 2015. Ants in Kentucky landscapes and gardens. UK EntFact-458. 
 
Research Presentations: 
Invited Seminars 
Penn, HJ. 2015. Landscape effects on ant food webs in agroecosystems. 
Department of Biology Eco-Lunch Seminar, UK, Lexington, KY. 
Penn, HJ. 2014. Methods, Mighty to Miniscule: Landscapes to Guts. Plant 
Science GSO Seminar, South Dakota State University, Brookings, SD. 
 
Conference and Extension Oral Presentations 
Penn, JM, HJ Penn, and Wuyang Hu. 2016. Public attitudes on monarch 
conservation. OVEA, Lafayette, IN. 
Penn, HJ. 2015. Multi-scale land use effects on ant predation in 
agroecosystems. International Congress of Entomology, Orlando, FL. 
Penn, HJ. 2016. Influence of neonicotinoid seed treatments and field margins on 
Kentucky soybean pests. Corn and soybean field day, UK REC, Princeton, 
KY. 
Penn, HJ, AM Dale, and JD Harwood. 2016. Influence of neonicotinoid seed 
treatments on ant communities and predation services in soybeans. NCB-
ESA, Cleveland, OH.  
Penn, HJ, KJ Athey, and JD Harwood. 2015. Direct and indirect interactions of 
ants, spiders, and soybean pests. ESA, Minneapolis, MN.  
Dale, A, HJ Penn, and JD Harwood. 2015. Effects of neonicotinoid seed 
treatments on ant behavior and survival. OVEA, Lexington, KY. 
Penn, HJ and JD Harwood. 2015. Effects of land use and field margins on ant 
community composition in agroecosystems. Ecological Society of 
America, Baltimore, MD. 
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Penn, HJ, EG Chapman, and JD Harwood. 2015. Delineating ant food webs: 
Overcoming PCR Inhibition. NCB-ESA, Manhattan, KS.  
Penn, HJ and JD Harwood. 2014. Field border vegetation alters Kentucky 
soybean pest immigration and movements. ESA, Portland, OR; OVEA, 
Columbus, OH. 
Kowles, KA, HJ Penn, DW Johnson, and JD Harwood. 2014. DNA detection 
methods in aphid honeydew: Implications for wheat biological control. 
ESA, Portland, OR. 
Penn, HJ and JD Harwood. 2014. Land use and field edges drive movements of 
spiders in soybean agroecosystems. NCB-ESA, Des Moines, IA.  
Penn, HJ, KA Kowles and JD Harwood. 2013. Spatial relationships between 
ants, prey and border vegetation in a soybean agroecosystem. ESA, 
Austin, TX; OVEA, Indianapolis, IN. 
Penn, HJ and JD Harwood. 2013. Impact of landscape heterogeneity on ant 
richness and evenness in an agroecosystem. Virginia Tech Forest 
Resources and Environmental Conservation Graduate Student Research 
Symposium, Blacksburg, VA. 
McKenrick, HJ, SM Wilder, ST Behmer, RE Gold, and MD Eubanks. 2009. The 
attraction of red imported fire ants (Solenopsis invicta) to soft baits that 
vary in nutritional content. ESA, Indianapolis, IN. 
 
Poster Presentations 
Penn, HJ and JD Harwood. 2013. Impacts of potential prey availability on within 
field movement of spiders in agroecosystems. NCB-ESA, Rapid City, SD. 
Penn, HJ and JD Harwood. 2013. Using DGGE to delineate prey consumption 
patterns in a generalist ant (Formicidae: Tetramorium caespitum) colony. 
Second International Symposium on the Molecular Detection of Trophic 
Interactions, Lexington, KY. 
Penn, HJ and JD Harwood. 2012. Impacts of landscape heterogeneity on ant 
community composition in soybean fields. ESA, Knoxville, TN. 
McKenrick, HJ, R Bethel, and J Resasco. 2011. Comparison of ant species 
richness and evenness in Savanna river plant site, South Carolina, from 
1976 to 2010. UF Undergraduate Research Assistantship Program 
Symposium, Gainesville, FL; ESA, Reno, NV. 
Harwood, JD, CD Allen, EG Chapman, KJ Johansen, KA Kowles, HJ 
McKenrick, JA Peterson, JM Schmidt, KD Welch, and TD Whitney. 2011. 
Disentangling the spider’s web: Insights from complex terrestrial 
ecosystems. ESA, Reno, NV. 
Eubanks, MD, HJ McKenrick, L Campbell, and SM Wilder. 2011. Potential 
efficacy of a novel bait for control of the red imported fire ant. Imported 
Fire Ant Conference, Galveston, TX. 
McKenrick, HJ, SM Wilder, ST Behmer, RE Gold, and MD Eubanks. 2009. The 
attraction of red imported fire ants (Solenopsis invicta) to soft baits that 
vary in nutritional content. TAMU Undergraduate Research Symposium, 
College Station, TX. 
 
191 
 
McKenrick, HJ and OE Liburd. 2007. Behavior and susceptibility of blueberry 
leaf beetles, Colaspis pseudofavosa, to conventional and reduced-risk 
insecticides. UF Student Science Training Program Symposium, 
Gainesville, Fl. 
 
